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Humans continue to increase the use and disposal of plastics by producing over 240 million tonnes per
year, polluting the oceans with persistent waste. The majority of plastic in the oceans are microplastics
(<5 mm). In this study, the contamination of microplastic fibers was quantified in sediments from the
intertidal zones of one exposed beach and two protected beaches along Nova Scotia’s Eastern Shore. From
the two protected beaches, polychaete worm fecal casts and live blue mussels (Mytilus edulis) were
analyzed for microplastic content. Store-bought mussels from an aquaculture site were also analyzed.
The average microplastic abundance observed from 10 g sediment subsamples was between 20 and 80
fibers, with higher concentrations at the high tide line from the exposed beach and at the low tide line
from the protected beaches. Microplastic concentrations from polychaete fecal casts resembled
concentrations quantified from low tide sediments. In two separate mussel analyses, significantly more
microplastics were enumerated in farmed mussels compared to wild ones.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Origin and distribution of microplastics

Humans have been mass-producing plastics since the early
1940s, and production has increased extensively in subsequent
years. Approximately 240–280 million tonnes of plastic have been
produced annually since 2008, compared to an annual production
rate of 1.5 million tonnes in 1950 (Cole et al., 2011; Wright et al.,
2013). About 50% of plastic produced is disposed after one use,
with packaging materials as the main contributor. Another
20–25% of plastics entering the natural environment have interme-
diate life spans and come from durable consumer products, such as
electronics and vehicles (Hopewell et al., 2009). Most plastics are
extremely durable and can persist from decades to millennia in
their polymer forms (Hopewell et al., 2009; Thompson et al.,
2004). Their durability causes plastics to persist and contaminate
environments worldwide. Marine habitats are particularly affected
(Lithner et al., 2011).

Microplastics constitute plastics that are <5 mm, as classified by
the National Oceanic and Atmospheric Administration (NOAA), and
they are present in a heterogeneous array of shapes and sizes
(Betts, 2008; Hidalgo-Ruz et al., 2012; Wright et al., 2013). Some
authors classify microplastics with an upper size limit of 1 mm
(e.g. Browne et al., 2008); and, upper size limits of 1 mm and
5 mm are currently acceptable to describe microplastics in the lit-
erature. The most prominent microplastic forms contaminating the
marine environment are spheres, pellets, irregular fragments, and
fibers (Wright et al., 2013). They are ubiquitous throughout the
global oceans, and microplastics (<1 mm) in the water column
and seabed have been observed to weigh 100 times and 400 times
more than macroplastic debris, respectively (Van Cauwenberghe
et al., 2013). Microplastics are distributed throughout the water
column, sediments, and the deep sea, with highest concentrations
along populated coastlines and within mid-ocean gyres (Cole et al.,
2011; Wright et al., 2013). A study conducted on the spatial
distribution of microplastics revealed that accumulation is higher
at downwind sites and in areas with decreased water flow. A
relationship has yet to be observed between microplastic concen-
trations and grain size distribution (Browne et al., 2010, 2011).
Although microplastics have been observed throughout the oceans
globally, the extent of microplastic contamination to the marine
environment is still largely unknown (Browne et al., 2009, 2011).

Plastics are synthetic organic polymers, created by polymeriza-
tion of monomers extracted from crude oil and gas (Cole et al.,
2011). Some of the most prominent plastic polymers found in
the environment include polystyrene (most commonly used in
packaging and industrial insulation), acrylic, polyethylene (used
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in facial scrubs), polypropylene (commonly used in fishing gear),
polyamide (nylon), polyvinyl chloride (PVC), and polyester frag-
ments (Browne et al., 2008, 2011). Primary microplastics are pro-
duced at a microscopic size, and are integrated into a variety of
facial exfoliating cleansers, air-blasting boat cleaning media, and
are increasingly used in medicine as vectors for drugs (Cole et al.,
2011). Secondary microplastics form when macroplastics undergo
mechanical, photolytic, and/or chemical degradation, resulting in
fragmented microplastic pieces and fibers. There is evidence that
a primary source of microplastics is synthetic fibers from gar-
ments. A study quantifying microplastic concentrations at 18 sites
worldwide showed that a single synthetic clothing garment can re-
lease >1900 microplastic fibers per wash. These microfibers enter
the marine environment via wastewater discharge. Marine habi-
tats in close proximity to sewage discharge sites contain propor-
tions of polyester and acrylic microplastic fibers resembling
proportions used in synthetic clothing (Browne et al., 2011).

1.2. Potential harms

Harmful components of plastics reside in the monomer constit-
uents, in the additives and plasticizers, and in hydrophobic Persis-
tent Organic Pollutants (POPs) and metals that absorb in plastics in
the marine environment (Koelmans et al., 2013). Contaminants can
be transferred to organisms most commonly by ingestion, inhala-
tion, and dermal sorption (Teuten et al., 2009). The danger lies in
the fact that microplastics are ingested by a variety of marine biota,
and therefore have the potential to translocate these harmful con-
stituents to organisms. However, the toxicological effects of many
of the plastic components are not yet well known (Hidalgo-Ruz
et al., 2012). Over 180 species have been documented to ingest
plastic debris (Teuten et al., 2009), and as plastics fragment into
smaller pieces, the potential for ingestion and accumulation in ani-
mal tissues increases (Browne et al., 2008; Wright et al., 2013). It
has been discovered in previous studies that amphipods (detri-
vores), lugworms (deposit feeders), barnacles (filter feeders), and
mussels (suspension feeders) all ingest microplastics when present
in their environments (Thompson et al., 2004; Browne et al., 2008).

Microplastics, especially in fiber form, pose threats to organ-
isms that consume them as they can cause blockages in the diges-
tive tract, become translocated to different tissues within the
organism, and undergo accumulation (Wright et al., 2013). Once
microplastics enter the marine environment, they can be subjected
to density changes through biofouling, which increases microplas-
tic density (Wright et al., 2013). As microplastic density changes,
they become available to organisms at different depths in the
water column and in the sediments. This indicates that marine life
occupying surface water all the way down to the benthos are vul-
nerable to microplastic interactions and contamination.

Many organic contaminants have been shown to accumulate on
and inside plastics. Some of the contaminants previously observed
in microplastics include polychlorinated biphenyls (PCBs), polycyclic
aromatic hydrocarbons (PAHs), petroleum hydrocarbons, organo-
chlorine pesticides, polybrominated diphenylethers, alkylphenols,
and bisphenol A (BPA). BPA is also commonly used as a monomer
in plastic polymerization (Teuten et al., 2009). Concentrations of
PCBs on polypropylene pellets have been observed 106 times high-
er than in surrounding seawater (Mato et al., 2001).

Enhanced leaching of organic contaminants from microplastics
has been demonstrated in the presence of organic matter. If organ-
ic matter contents are higher in an organism’s gastric environment
compared to the surrounding seawater, this could imply enhanced
desorption of POPs within the organism (Betts, 2008). As well, a
feeding experiment conducted with Shearwater chicks demon-
strated that chicks consuming PCB concentrated polyethylene
pellets undergo tissue contamination from the PCBs (Betts, 2008).
Polyethylene, one of the most concentrated microplastics in the
marine environment, has a relatively high capacity to uptake and
release organic contaminants, making it more efficient at translo-
cating contaminants than other plastics (Teuten et al., 2009). On
the other hand, the study conducted by Koelmans et al. (2013)
suggested that plastics may reduce bioaccumulation of POPs in
organisms, as equilibrium partitioning between plastics and POPs
can dilute free aqueous concentrations. This would decrease
bioavailability and bioaccumulation of POPs. As well, if ingested
plastic had lower concentrations of POPs than an organism’s body
tissue, plastic would absorb POPs from the organism tissue, there-
by decreasing the concentration of POPs in an organism once the
plastic is egested.

Some of the organic contaminants associated with plastics
interfere with hormone regulation in animals. BPA monomers
and alkylphenol additives have estrogenic effects, while phthalates
(a primary plasticizer) have been associated with reducing testos-
terone production (Teuten et al., 2009). Both BPA and phthalates
can act as endocrine disruptors by competing with or disrupting
endogenous hormones (Fossi et al., 2012). Each plastic polymer
has a different capacity to adhere to different organic contaminants
in the water column, therefore each type of plastic and organic
contaminant must be analyzed individually, to determine absorp-
tion capacities. It would also be relevant to analyze desorption
mechanisms of various organic contaminants from plastics in a
gastric environment, in order to help quantify the dangers of
contaminated plastics.

1.3. Purpose of this study

Urban, intertidal environments are exposed to heightened risk
of microplastic contamination because of proximity to microplastic
sources. In addition, there are heightened risks of chemical
contamination within microplastics, as chemical concentrations
are high in urban intertidal environments as well. The goal of this
study is to assess microplastic contamination in the intertidal
environment of Halifax Harbor, which is an urban estuary on the
Atlantic coast of Canada. Various intertidal organisms may be
negatively impacted by microplastics, and indirectly, microplastics
have the potential to impact humans through the food chain. The
results from this study add to the growing body of literature on
microplastic contamination around the world, and they are
especially pertinent to urban, coastal environments.

The objectives of this research are as follows: the enumeration
of microplastics in intertidal sediments as a function of beach loca-
tion, elevation on the shoreline and grain size distribution; the
enumeration of microplastics in the fecal casts of deposit feeders,
which in this study are polychaete worm species; and the enumer-
ation of microplastics in wild and farmed blue mussels (Mytilus
edulis), which are suspension feeders. From 2 protected beach sites,
polychaete worm fecal casts and live mussels were collected,
processed, and analyzed for microplastic fiber content. In addition,
live mussels from an aquaculture site off of Newfoundland and
Labrador were purchased from a local grocery store to analyze
and compare the microplastic content of wild and farmed mussels.

Cultured mussels are grown in coastal waters that are separated
from population centers where adjacent human pollution could
threaten the quality of the mussels. Given the relatively pristine
nature of mussel culture sites compared to an urban harbor, one
can hypothesize that the microplastic load should be lower in
farmed mussels. Alternatively, because cultured mussels are grown
in plastic sock nets that are suspended on polypropylene long lines
(Mussel Farmer, 2013, personal communication), farmed mussels
may be exposed to microplastic contamination. The aquaculture
site is about 800 km from the wild sites. M. edulis is an important
organism in the benthic community assemblage, and has been
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previously used as a model organism for observing microplastic
content and digestive pathways due to its selective suspension
feeding mechanisms (Browne et al., 2008). As well, it is one of
the most popular shellfish species sold into the seafood industry,
and is consumed by humans worldwide, especially in coastal
populations (see Fig. 1).
2. Materials and methods

2.1. Sample collection and site description

Sediment samples were taken on July 16th, 2012 at McCormack’s
Beach (N44.609�, W63.493�), Rainbow Haven Beach’s exposed side,
and Rainbow Haven Beach back lagoon (N44.648�, W63.417�).
These 3 sites are all located within 10 km of one another, in the
Eastern Passage of Nova Scotia, Canada. The Eastern Passage is
located on an actively eroding drowned coastline, surrounded
with abundant drumlin islands made of deep glacial tills. Long in-
lets create interactive islands and headlands, forming beaches.
McCormack’s Beach is a sandy beach located at the mouth of the
inlet to Halifax Harbor, and is protected from intense wave action
by McNabs Island and Lawlor Island. Rainbow Haven Beach lies
between the mouth of the inlet to the Cole Harbor estuary and
Fig. 1. Location map of the 3 sample
Halifax Harbor. It includes an exposed sandy beach, subject to
intense wave action, and a protected back lagoon mudflat. Both
McCormack’s Beach and Rainbow Haven Beach have a mean tidal
range of 1.5 m.

Replicate samples of 225 cm2 quadrats, �3 to 4 cm deep, were
obtained using a trowel at low tide. Samples were taken at the
high, mid, and low tide lines at each beach. Samples were placed
in previously unused, sealed freezer bags, and stored in the freezer
for preservation upon returning to the lab that day.

Replicate polychaete worm fecal cast samples of 25 small casts
were obtained on August 8th, 2012 at low tide at McCormack’s
Beach and Rainbow Haven Beach back lagoon respectively. Three
polychaetes were collected for identification, which were found
in the depressions adjacent to their fecal mounds. Two of the poly-
chaetes were identified as Clymenella torquata and the remaining
polychaete was identified as Alitta virens (Jon Grant, 2012, personal
communication).

Ten live mussels were obtained on August 8th, 2012 at low tide
from McCormack’s Beach and Rainbow Haven Beach back lagoon
respectively. As well, 10 live mussels were purchased at the local
grocery store on September 21, 2012. The mussels came from an
aquaculture site off the west coast of Newfoundland and Labrador,
approximately 800 km away from the wild sites. These mussels
were used in the first of two analyses quantifying microplastic
collection sites in Nova Scotia.



Table 1
Average and median shelled lengths (cm) and weights (g) of 15 mussels from
McCormack’s Beach, Rainbow Haven Beach back lagoon, and an aquaculture site
respectively.

Location Shelled length (cm) Shelled weight (g)

Average Median Average Median

McCormack’s Beach 7 7 42 39
Rainbow Haven Beach 7 7 38 38
Aquaculture site 7 7 24 22
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fibers in mussels. For the second mussel analysis, fifteen mussels
were collected from McCormack’s Beach at low tide on February
23rd, 2013, and from Rainbow Haven Beach back lagoon at low
tide on May 20th, 2013 respectively. As well, 15 live mussels were
purchased from the local grocery store on January 22, 2013, which
came from the same aquaculture site as in the first mussel analysis.

Both the cast samples and mussel samples were placed in pre-
viously unused, sealed freezer bags, and into the freezer for preser-
vation the same day they were collected or purchased (Dawson
et al., 1998). The preservation of mussel tissues was not required,
as this study was only interested in the inorganic materials within
the mussel, therefore a freezer of �5 �C was sufficient.

2.2. Grain size analysis

Sandy samples were obtained from McCormack’s Beach and
Rainbow Haven Beach’s exposed side. Wet weights of 500 g were
measured from the first replicate of each sandy sample from each
tide line. Samples were dried in an oven at 65.5 �C. Grain size distri-
butions for these samples were analyzed by sieving. The sieve stack
consisted of sieves with mesh diameters of: 500 lm, 355 lm,
250 lm, 150 lm, 106 lm, 63 lm, and <63 lm. From each sample,
40 g of dried sediment was weighed and placed in the sieve stack.
The stack was placed in the sieve shaker for 15 min. Sediment
remaining in each sieve was weighed. The resulting discrete size
distribution of mass was used to obtain the median grain size from
each sample. All sediment analyzed in the grain size analysis was
discarded after being sieved and weighed. Wet weights of 500 g
from the second replicates collected from each tidal elevation at
each beach were dried for later use in the microplastic analysis,
along with the remaining sediment from the first replicates.

Muddy samples were obtained from Rainbow Haven Beach back
lagoon. Frozen wet weights of 50 g from each muddy sample were
collected and transferred to beakers. The beakers were covered
with porous tin foil, and placed in a Christ, model Alpha 1-4 LD
freeze drier at �60 �C for 5.5 days. Dry weights of �0.08 to 0.1 g
of sediment from replicate samples from each tidal elevation were
treated with 3 applications of 5 ml of 30% hydrogen peroxide
(H2O2) to destroy any organic matter present. A Beckman–Coulter
Multisizer 3 was used to analyze the grain size distributions.
Different sized apertures were used to detect and determine the
distribution of particles of different sizes. Unscreened sediment
100 lm was analyzed with the 400-lm-aperture tube, sediment
screened at 100 lm was analyzed with the 200-lm-aperture tube,
and sediment screened at 25 lm was analyzed with the 30-lm-
aperture tube. The three size distributions were merged to produce
a complete particle size distribution (Law et al., 2013).

2.3. Hydrogen peroxide treatment

Three subsamples of 10 g each were taken from the two sedi-
ment samples collected at each position on the shore, as well as
from the two polychaete worm fecal cast samples, respectively.
The resulting 6 samples were treated as replicates on the justifica-
tion that disturbance and mixing of each sample during collection
is similar to the disturbance and mixing that occurs with the rise
and fall of the tides. In the fume hood, �150 ml of 30% H2O2

(multiple applications) was added to each 10 g subsample to
remove organic matter present. Subsamples were placed on hot-
plates heated to �55 to 65 �C, in order to catalyze the evaporation
of the H2O2 (Liebezeit and Dubaish, 2012). Large concentrations of
organic matter in some samples caused sediment to be suspended
above the bubbling fluid, and stick to the sides of the beaker. This
effect may have reduced the number of microplastics recovered.

In the first mussel analysis, two subsamples of 5 mussels from
each location were subjected to H2O2 treatment. The shelled length
of each mussel was first recorded, as well as the cumulative shelled
weights from each mussel subsample. All mussels from the subs-
amples were dissected, and inner contents were emptied into a
large beaker. In the fume hood, �150 to 200 ml of 30% H2O2 was
added to each subsample in order to digest the majority of the
organic matter. Beakers were placed on hot plates at �55 to
65 �C until all H2O2 was evaporated. It was challenging to dissolve
all of the organic matter from 5 mussels at once, and large particles
of mussel matter remained in some of the samples after the H2O2

treatment. Due to challenges with dissolving all the organic matter
of 5 mussels at once, the mussel analysis was redone. In the second
analysis, fifteen individual mussels from each location were
subjected to H2O2 treatment. The shelled length and shelled weight
of each mussel were recorded (Table 1). All mussels were
dissected, and inner contents were emptied into large beakers
containing one mussel each. The hydrogen peroxide treatment
was applied to each beaker. Most of the organic matter was
removed using this method, but some mussel samples had flakes
of debris remaining after all the H2O2 was dissolved.

2.4. Saline (NaCl) solution floatation and filtration

A concentrated saline solution (250 g NaCl/L H2O) was prepared
to separate microplastics from sediments, fecal casts, and mussel
matter via floatation. After all the H2O2 was evaporated from each
10 g sediment and cast subsample, 100 ml of NaCl solution was
added. Using a magnetic stirrer, each subsample was stirred at high
intensity for 1–2 min, followed by a settling time of 3–6 min,
depending on the observed clearance rate of the sediment/fecal
matter from suspension (Thompson et al., 2004). Using a 10 ml
pipette, the supernatant was transferred onto 0.8-lm pore size,
47 mm gridded nitrocellulose filters using a vacuum system. After
all the supernatant was extracted, an additional 100 ml of NaCl
solution was added to each sample, and the same procedure was
repeated to extract any remaining microplastics. Samples with
higher concentrations of suspended sediment in the supernatant
required multiple filters for efficient extraction. When reaching
the bottom of the supernatant, it was challenging to extract every
drop of remaining solution, which could have contributed to a
reduction in total microplastics recovered. Subsequent to filtration,
there were occurrences where some sediment residue remained on
the vacuum filter piece, which could have contained microplastics
that were unaccounted for. After 2 NaCl solution extractions, filters
were placed in unused, previously sealed petri dishes and were
dried at room temperature.

For the mussel samples, the same procedure was conducted as
the sediment and cast samples, except an additional 100 ml of NaCl
solution was added to perform a total of 3 microplastic extractions.
As well, because of the lack of suspended sediment, the settling
time was reduced to 1–2 min after stirring.

2.5. Microplastic extraction efficiency

To test the efficiency of the double and triple extractions, 5 NaCl
solution extractions and filtrations of supernatant were performed
on a sediment sample from the exposed side of Rainbow Haven
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Beach, in order to characterize the proportion of total microplastics
recovered after 2–3 extractions. As well, 3 control samples of dis-
tilled water were placed on hot plates for the same duration as it
took for all the H2O2 to evaporate from the samples used in this
study. Three NaCl solution extractions were applied to each control
sample to determine if microplastics circulating throughout the lab
were a possible source of contamination.

The sediment sample used in the control analysis was subjected
to the same collection procedure and drying mechanism as rest of
the sediment samples used in this study. This assessment of con-
tamination was focused on the H2O2 treatment and filtration pro-
cess, as these were the steps in the procedure where the samples
were predominantly left uncovered, and therefore exposed to po-
tential microplastic contamination.

2.6. Microplastic enumeration

Microplastics in the form of microfibers were enumerated from
filters corresponding to each subsample. Spherical microplastics,
because they resemble sediment grains, were too difficult to iden-
tify visually. Once filters were dry, microplastic fibers on each filter
were enumerated under a Motic Dissecting Microscope using 2�
magnification. One of the most commonly used methods for iden-
tifying microplastics is through visual sorting (Hidalgo-Ruz et al.,
2012). Solid, lightweight strands of a variety of lengths and colors
were identified as microplastic fibers (Wright et al., 2013). A visual
assessment was applied to help distinguish microplastics originat-
ing from field samples to microplastics originating from laboratory
contamination. In the study conducted by Davidson and Asch
(2011), small-diameter, brightly colored microplastic fibers were
considered to be originating from exterior contamination, as they
observed similar looking fibers in empty petri dishes. A similar
visual assessment was applied to the samples in this study. Fig. 2
contains magnified photographs of microplastic fibers extracted
from a sediment sample, a polychaete worm fecal cast sample,
and a farmed mussel.
Fig. 2. (a) Microplastic fiber extracted from a low tide sediment sample from McCorma
Microfibers extracted from a farmed mussel.
On certain filters it was challenging to identify clear microplas-
tic fibers and short fibers, which most likely resulted in under-
counting. Microfibers were observed on the exterior of the petri
dish perimeters as well as on the filters. The source of microplastics
on the petri dish perimeters is not clear, but two likely scenarios
are that they derive from microplastics located on the filters
themselves, or they derive from microplastics circulating in the
air throughout the lab.

2.7. Contamination assessment

Microplastic fibers were the predominant microplastic form
that appeared in the intertidal samples. Thompson et al. (2004)
also found brightly colored microfibers as the predominant micro-
plastic form in coastal environments. As for monitoring contamina-
tion, the freezer bags and petri dishes used for sample collection
and storage were new and unopened. Therefore, it was presumed
that the interiors of the freezer bags and petri dishes were not con-
taminated. To avoid contamination, all containers and beakers
were rinsed with distilled water prior contacting samples. Samples
were covered when they were not in use, during the duration of
drying in the oven and freeze drier, and after the filtration process.
The only times the samples were predominantly uncovered was
during the H2O2 treatment, filtration, and during counting. There-
fore, control samples were tested for that portion of the procedure.
For the second mussel analysis, all mussel samples were covered
with aluminum foil during the H2O2 treatment.

2.8. Statistical analyses

All statistical analyses were conducted using Matlab (2009b,
The MathWorks, Natick, MA). Kolmogorov–Smirnov tests for nor-
mality were applied to each beach site and tidal elevation pair;
polychaete worm fecal casts and low tide sediments from each
site; and mussels from each site for each mussel analysis. ANOVA
tests were applied once all necessary preconditions for normality
ck’s Beach. (b) Microplastic fiber extracted from a polychaete fecal cast sample. (c)
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were justified. A 2-way ANOVA analysis was applied to compare
microplastic fiber concentrations in the sediments at the different
beaches and tidal heights. As well, a 2-way ANOVA analysis was
performed to compare microplastic concentrations in low tide
sediments from McCormack’s Beach and Rainbow Haven Beach
back lagoon to concentrations found in polychaete worm fecal
casts. A one way analysis of variance was used to compare micro-
plastic concentrations from mussels collected at McCormack’s
Beach, Rainbow Haven Beach back lagoon, and from an aquacul-
ture site for both the first and second mussel analyses respectively.
If these tests indicated significant differences, then pairwise t-tests
were used to determine the significantly different groups through
multiple comparisons. Last, a linear regression analysis was
conducted to determine if correlation existed between grain size
and microplastic concentrations. Significance levels for all statisti-
cal analyses were 0.05.
3. Results

Microplastic fibers were enumerated and compared within dif-
ferent reservoirs in the intertidal zone from 3 beaches on the out-
skirts of Halifax Harbor in addition to an aquaculture site. These
reservoirs are the sediments of different tidal elevations, fecal mat-
ter of polychaete worms, and internal organs and tissues of wild
and farmed mussels.
3.1. Beach and tide sediments

Overall, the 10 g sediment subsamples from all 3 beaches and
tide lines contained microplastics, with each tide line having an
average microplastic concentration ranging from �20 to �80
microplastics/10 g sediment (Fig. 3). Specific concentrations should
be regarded with caution, as there is evidence samples suffered
microplastic fiber contamination from within the lab.

Kolmogorov–Smirnov tests indicated that the null hypothesis
that the data are normally distributed could not be rejected for
all sites and tidal elevation pairs (p > 0.45 for all datasets).
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Fig. 3. Average number of microplastic fibers enumerated from six 10 g subsamples
from the high, mid, and low tide lines at MB = McCormack’s Beach, RHB ES = Rain-
bow Haven Beach’s exposed side, and RHB BL = Rainbow Haven Beach back lagoon
respectively. Error bars on each averaged microplastic concentration represent the
average standard deviation from the samples at each site.
The 2-way ANOVA showed that beach site or tidal elevation did
not have a significant effect on microplastic concentrations when
no interaction term was considered (p = 0.213, 0.084 respectively).
When an interaction term was considered, there was a significant
interaction between beach site and tidal elevation (p = 0.022). Due
to the significant interaction term, three group ANOVAs were car-
ried out to see if elevation was a significant factor at each site.
Mean abundances were not significantly different at the different
elevations at Rainbow Haven Beach’s exposed beach (p = 0.120)
or at McCormack’s Beach (p = 0.318). Mean abundances were sig-
nificantly different at different elevations at Rainbow Haven Beach
back lagoon (p = 0.004). Pairwise t-tests were carried out for the
Rainbow Haven Beach back lagoon site. Microplastic abundances
were significantly higher at the low tidal elevation than they were
at the mid and high tidal elevations (p = 0.005 and 0.003 respec-
tively). They were not significantly different between the mid
and high tidal elevations (p = 0.765).

Positions and accumulation of stranding may depend on the en-
ergy level in the environment, and more research is necessary in
testing the main effects under when there is significant interaction
between beach location and tidal elevation.

3.2. Low tide sediments and polychaete worm fecal casts

Kolmogorov–Smirnov tests indicated that the null hypothesis
that the data are normally distributed could not be rejected for
all polychaete worm fecal casts and low tide sediment pairs at each
site (p > 0.86 for all datasets). The 2-way ANOVA showed that
means did not differ among sites (p = 0.096) or among sediment
versus fecal samples (p = 0.361). There was no significant interac-
tion term (p = 0.645).

3.3. Wild mussels and farmed mussels

Abundances of microfibers in farmed mussels were higher than
in wild mussels. In the first mussel analysis, the 5-mussel subsam-
ples had high concentrations of microplastics, with the average
number in wild mussels observed to be �170/5 mussels and the
average number in farmed mussels observed to be �375/5 mussels
(Fig. 5).
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of low tide sediments and two 10 g subsamples of 25 small polychaete worm fecal
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Kolmogorov–Smirnov tests indicated that the null hypothesis
that data are normally distributed could not be rejected for any
of the sites (p = 0.999 for Rainbow Haven Beach, McCormack’s
Beach, and farmed mussels respectively). A one-way analysis of
variance was performed to determine if location influenced micro-
plastic concentrations in the 5-mussel subsamples. Overall, there
was a significant difference among microplastic concentrations
from the three different locations (p = 0.045). Pairwise t-tests indi-
cated that microplastic concentrations in farmed mussels were sig-
nificantly higher than concentrations enumerated from Rainbow
Haven Beach (p = 0.030) and McCormack’s Beach (p = 0.029), which
were not significantly different from one another (p = 0.965).

In the second mussel analysis, all mussels were contaminated
with microplastics, with the average number per wild mussel ob-
served to be �126 from McCormack’s Beach, �106 from Rainbow
Haven Beach, and �178 per farmed mussel (Fig. 6). Fig. 7 shows
the number of microplastics extracted from each of the 15-mussel
samples from McCormack’s Beach, Rainbow Haven Beach, and the
aquaculture site respectively.

Kolmogorov–Smirnov tests indicated that the null hypothe-
sis that data are normally distributed could not be rejected for
any of the sites (p = 0.17, 0.99, 0.95 for Rainbow Haven Beach,
McCormack’s Beach, and the aquaculture location respectively). A
one-way analysis of variance was performed to determine if loca-
tion influenced microplastic concentrations in the 15-mussel sam-
ples. Overall, there was a significant difference among microplastic
concentrations from the three different locations (p = 0.001). Pair-
wise t-test indicated that microplastic concentrations in farmed
mussels were significantly higher than in mussels from Rainbow
Haven Beach (p = 0.000) and McCormack’s Beach (p = 0.003), which
were not significantly different from one another (p = 0.368). These
results indicate significantly higher microplastic concentrations in
farmed mussels compared to wild mussels.

3.4. Grain size distribution

Grain size varied among sites. Mass median diameters were
several hundred micrometers at McCormack’s Beach and the
exposed side of Rainbow Haven Beach, but they were only of order
10 lm in the muddy back lagoon of Rainbow Haven Beach. Despite
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Fig. 7. Total number of microplastic fibers enumerated from 15 individual mussels
from McCormack’s Beach, Rainbow Haven Beach back lagoon, and an aquaculture
site respectively.
large differences in grain size, microfiber abundances were similar
(Table 2 and Fig. 8).

A linear regression analysis was performed to determine if the
grain size distribution was correlated to microplastic concentra-
tion. Based on this analysis, there was no evidence that a relation-
ship exists between microplastic concentrations and grain size
distributions from each tide line at each beach (p-value = 0.421).

3.5. Microplastic extraction efficiency

When the 5-time microplastic extraction was applied to a high
tide sediment sample from the exposed side of Rainbow Haven
Beach, the majority of microplastics were extracted from the 1st



Table 2
Average number of microplastics enumerated from six 10 g subsamples, corresponding to the median grain size (lm) calculated from the high, mid, and low tide lines from
McCormack’s Beach, Rainbow Haven Beach’s exposed side, and Rainbow Haven Beach back lagoon.

Beach location Tidal height Median grain size diameter (lm) Avg. # microplastics/10 g sediment

McCormack’s Beach High 218 40
Mid 207 28
Low 206 51

Rainbow Haven Beach’s exposed side High 219 74
Mid 220 39
Low 174 38

Rainbow Haven Beach back lagoon High 9 22
Mid 11 25
Low 11 60
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extraction (�70 microplastics), however, a lesser amount of micro-
plastics were consistently recovered from the 2nd, 3rd, 4th, and
5th extractions (�25 microplastics/extraction) (Fig. 9).

From the 3 control microplastic extraction analyses, it was
found that an average of�100 microplastics were present on filters
originating from air circulating throughout the lab (Fig. 10).

4. Discussion

4.1. Beach and tide sediments

The concentrations of microplastics enumerated from the inter-
tidal sediments in this study were higher than Claessens et al.
(2011) observed in Belgian Coast sediments, and lower than
Liebezeit and Dubaish (2012) observed in sediments from the
Frisian Islands in Northwestern European waters. A positive corre-
lation between coastal microplastic concentration and human
population density has been demonstrated in multiple locations
throughout the world (Browne et al., 2010, 2011). As well, high
concentrations of microplastic fibers in the North Atlantic Ocean
coincide with increases in global plastic production (Thompson
et al., 2004). Since the three locations analyzed in this study were
in close proximity to one another, as well as in close proximity to
Halifax Harbor, the results that microplastic concentrations were
high and not statistically different at the three beaches are reason-
able. Analyzing microplastic concentrations from a larger sample
size of beach locations that are a greater distance apart and with
varying proximity to Halifax Harbor could expose statistical differ-
ences in microplastic concentrations at different beach locations.

Microplastic concentrations between the three tidal elevations
were not significantly different. However, there was a significant
interaction between microplastic concentrations at the 3 beaches
and tidal heights. The significant interaction arose from higher
microplastic concentrations enumerated at the low tide position
at Rainbow Haven Beach back lagoon compared to the high and
mid tidal positions. Microplastic concentrations were not signifi-
cantly different at the different tidal elevations at McCormack’s
Beach or Rainbow Haven Beach’s exposed side.

Liebezeit and Dubaish (2012) found high concentrations of
microplastics at the high tide line of exposed beaches. This finding
corresponds to microplastic concentrations enumerated at
Rainbow Haven Beach’s exposed side, which had highest micro-
plastic concentrations at the high tide line. In contrast, the two
protected beaches (McCormack’s Beach & Rainbow Haven Beach
back lagoon) had highest microplastic concentrations at the low
tide line (Fig. 3). This corresponds to the findings of Liebezeit and
Dubaish (2012), where high microplastic concentrations were
observed in protected tidal mud flats. The low tide accumulation
of microplastics at protected beaches/tidal flats is thought to be
due to the low energy environments that induce higher deposition
rates of easily transported, lower density plastics. An additional
explanation is that microplastics can become associated with
microbial films, thereby reducing their capacity to get washed
out of the tidal flat with the tides (Liebezeit and Dubaish, 2012).
Perhaps with a larger sample size of exposed and protected beach
locations, a stronger relationship could be obtained between the
distributions of microplastic concentrations at different tidal
heights.

4.2. Low tide sediments and polychaete worm fecal casts

Microplastic concentrations were statistically similar between
the two beach sites, as well as between the polychaete worm fecal
casts and low tide sediments at McCormack’s Beach and Rainbow
Haven Beach back lagoon respectively (Fig. 4). This finding suggests
that consumption and excretion of plastics by the polychaetes are
at steady state, so that ingestion equals egestion. This result does
not clarify the residence time of microplastics in the deposit feed-
ers. Further, it suggests that the polychaetes consume microplastics
indiscriminately at concentrations present in their environments.

Microplastics are known accumulators of organic hydrophobic
contaminants in the water column (Teuten et al., 2007, 2009).
Therefore, a primary danger of microplastics is their ability to ab-
sorb these organic contaminants, and increase the probability of
transporting them into marine biota via ingestion. Different plastic
polymers have different capacities to absorb different hydrophobic
contaminants; therefore each plastic polymer and organic contam-
inant must be analyzed individually.

It has been shown that an abundant organic contaminant, phen-
anthrene, has a high sorption rate to microplastic polymers in the
marine environment. If biofouling occurs to phenanthrene-con-
taminated microplastics, this will cause them to sink and put de-
posit-feeding organisms at risk of contamination. It has been
suggested through feeding experiments that the lugworm, Arenico-
la marina, can ingest microplastics containing phenanthrene, and
its metabolic surfactants increase its desorption rate, resulting in
tissue contamination (Teuten et al., 2007). This indicates that even
if deposit feeders excrete microplastics, it does not necessarily
mean that they are not taking up organic contaminants that are ab-
sorbed in the microplastics.

Gouin et al. (2011) conducted a study using thermodynamic
models to test the partitioning capacities of various Persistent Bio-
accumulative Toxic (PBT) substances from polyethylene microplas-
tics to organisms in the food web. Their results showed that as
microplastic concentrations increase in the environment, they sorb
an increasing amount of PBT substances. Once ingested by an
organism, the PBT substances were demonstrated to remain sorbed
in the plastic, as their affinity to polyethylene was stronger than
their affinity to the organic carbon in the organism. This study sug-
gests a limited importance of microplastics acting as vectors in
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Fig. 8. Grain size distribution of sediment collected at: (a) McCormack’s beach, (b)
Rainbow Haven Beach’s exposed side, and (c) Rainbow Haven Beach back lagoon
from the high, mid, and low tide lines, represented as the percent of sediment finer
than standard log grain diameters (lm).
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from Rainbow Haven Beach’s exposed side, from a total of 5 NaCl solution
extractions.

Fig. 10. Total number of microplastics enumerated from 3 control extractions using
distilled water.
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transporting contaminants to organisms. That said, gaps in the data
include analyzing the kinetics of microplastic digestion through
the organism gut, as residence time and extraction efficiency of
microplastics from the gut may influence possible tissue contami-
nation. It is also relevant to assess how the size and shape of
microplastics influence toxicological responses within organisms.
4.3. Wild mussels and farmed mussels

Microplastic concentrations observed in wild and farmed mus-
sels were significantly different (analysis 1: p = 0.045, analysis 2:
p = 0.001). Average microplastic concentrations in the farmed mus-
sels were higher than in both wild mussel samples (Figs. 5 and 6).
Possible reasons for this difference could be due to the fact that
farmed mussels were grown on plastic polypropylene lines
(Mussel Farmer, 2013, personal communication), the mussels were
grown in a coastal location 800 km away from the wild mussels, or
perhaps farmed mussels encounter microplastics from the time
they are cultured to the time they arrive at the store. Since the
farmed mussels originated from a bay with the surrounding
human population being approximately 2000 people, the
microplastic input in that region would be much less than the
input in waters surrounding Halifax Harbor, where the population
of Halifax alone is approximately 373,000 people.

In addition to this study, Browne et al. (2008) previously discov-
ered that microplastics can undergo accumulation within the or-
gans of mussels. Through feeding experiments, it was found that
microplastics were translocated from the digestive tract to the cir-
culatory system in as little as 3 days of ingestion. As well, accumu-
lation of microplastics in the digestive tract can cause blockages and
induce satiation in the organism, leading to a decrease in fitness
(Wright et al., 2013). Smaller microplastics (i.e. �3.0 lm) have
higher accumulation rates in mussel tissues compared to larger
fragments, indicating that as microplastics continue to degrade,
their accumulation rates increase. Microplastics accumulated in
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the circulatory system of mussels, but clearance rates of up to 70%
were observed in pure seawater (Browne et al., 2008). Although
mussels can rid themselves of some microplastics, they are con-
stantly taking them up in the natural environment, therefore their
tissues will always be contaminated if microplastics are present in
their environment. It may be important to depurate both farmed
and wild mussels in clean, plastic-free seawater before human con-
sumption. The persistence of microplastics in the internal organs of
mussels can have implications for possible bioaccumulation at
higher-trophic-level consumers, including humans. However,
bioaccumulation of microplastics has not yet been analyzed due to
complex methodologies in testing this phenomenon. That said,
microplastics have been detected in higher trophic level organisms
including 10 species of fish from the English Channel (Lusher et al.,
2012), one third of fish caught from the North Pacific Central Gyre,
and in the scat of fur seals and Hooker’s sea lions (Wright et al., 2013).

Medical studies have found that the lymph and circulatory sys-
tems in rodents and humans can take up certain plastic polymers,
such as PVC and polystyrene. The smaller the plastic fragment, the
more likely it is to get taken up by cells in vertebrates (Browne
et al., 2008). Aside from the dangers of microplastics alone, organic
contaminants leached onto microplastics from the surrounding
seawater have varying capacities to desorb from plastics within
organisms and contaminate organism cells, disrupting cellular
functions (Teuten et al., 2009).

4.4. Grain size distribution

In this study, no correlation was detected between grain size
distribution and microplastic concentration. This result is similar
to that of Browne et al. (2010) and Browne et al. (2011), who also
failed to find a relationship between grain size and microplastic
concentrations. This could indicate that microplastic distributions
in the intertidal zone may not be a function of grain size, but rather
a function of microplastic input, density, biological interactions
with microbial films, and physical processes such as wave action
and tidal patterns.

4.5. Microplastic extraction efficiency

Extraction of microplastic fibers through density separation
(floatation using a concentrated NaCl solution), vacuum filtration,
and visual sorting under a dissecting microscope is a common
and relatively efficient extraction technique (Hidalgo-Ruz et al.,
2012). As well, conducting 2–3 extractions allowed for the majority
of microplastic fibers in the subsamples to be extracted (Browne
et al., 2011). Claessens et al. (2011) did a two time extraction using
concentrated NaCl solution with known microplastic concentra-
tions in both sandy and muddy samples, and had 69–98% recovery
rates, supporting the efficacy of a 2-time extraction.

Although the NaCl solution (250 g/L) extraction method used in
this study was capable of extracting many microplastic fibers, this
density was still lower than that of many plastic polymers in the
environment. The plastics that float in NaCl solution of the density
used in this study are polystyrene (in foam form), and high and
low-density polyethylene and polypropylene. Some of the most
prominent plastic polymers that are denser than the NaCl solution
used in this study are PVCs, polyethylene terephthalates (PETs),
and nylon (Hidalgo-Ruz et al., 2012). Therefore, although the first
2–3 extractions are capable of recovering many microplastics, the
recovered microplastics are presumed to be the less dense poly-
mers. Denser microplastic polymers should remain at the bottom
of the beakers, but these polymers may get extracted if they are
in the midst of settling as the supernatant is being pipetted. If only
a NaCl solution extraction is applied, then it can be presumed
that the denser microplastics will not all be extracted, and with
increasing extractions more microplastics will be recovered. Evi-
dence of this effect was apparent when 5 extractions were applied
to a high tide sediment sample from the exposed side of Rainbow
Haven Beach (Fig. 9). The majority of microfibers were removed
from the first extraction, but a lesser number of microplastics
was consistently recovered from the 2nd, 3rd, 4th, and 5th extrac-
tions. Since sediment, fecal casts, and wild mussel samples were
taken from the benthos, it is likely the samples were more contam-
inated with denser microplastics, which did not all get extracted. A
sodium polytungstate solution can be used to efficiently extract
denser microplastic polymers (Hidalgo-Ruz et al., 2012). As well,
Imhof et al. (2012) suggested using a newly designed device called
the Munich Plastic Sediment Separator (MPSS) to reliably separate
plastics from sediment, in a liquid medium of zinc chloride
(1.6–1.7 kg/L) as the extraction fluid.

Fourier Transformed Infrared spectrometry is useful for deter-
mining the chemical composition of microplastics, and therefore
gives a better idea of where the microplastics are originating
(Claessens et al., 2011; Thompson et al., 2004; Browne et al.,
2010). Since this study only focused on the presence of microplas-
tic fibers, overall microplastic abundances observed were lower
than the actual total abundances, assuming other types of
microplastics were present. Lack of compositional information of
microplastics in all samples prevented determination of the
primary sources, as well as inferences about potential deleterious
effects they could have based on their composition.

After performing three control analyses, it was apparent that
microplastic fibers circulating throughout the lab were contami-
nating the samples used in this study. Microplastic fibers observed
in control samples and on the exteriors of petri dishes were shorter
and more colorful compared to microplastic strands observed on
sample filters, which were longer, and predominantly clear or
black in color. Microplastic fibers originating from procedural con-
tamination resembled microfibers found by Davidson and Asch
(2011) in empty petri dishes.

Despite this contamination, statistical trends still emerged.
These trends include a significant interaction between beach loca-
tion and tidal elevation, where microplastic concentrations at the
low tide line of Rainbow Haven Beach back lagoon were signifi-
cantly higher than concentrations enumerated at the high and
mid tidal elevations. These results correspond to trends observed
by Liebezeit and Dubaish (2012) on protected tidal mud flats. As
well, microplastic concentrations in polychaete worm fecal casts
were not significantly different from the number of microplastics
enumerated in low tide sediments from McCormack’s Beach and
Rainbow Haven Beach back lagoon, respectively. The two mussel
analyses yielded the same statistical result; that being significantly
more microplastics enumerated in farmed mussels compared to
wild mussels. The second mussel analysis yielded stronger statisti-
cal differences than the first analysis. This is most likely due to lar-
ger sample sizes used in the second mussel analysis, which
provided stronger tests. Lastly, a statistically significant relation-
ship did not ensue between grain size and microplastic concentra-
tions, a result similar to previous studies (Browne et al., 2010,
2011). Therefore, although the sediment samples, polychaete fecal
cast samples, and mussel samples suffered some microplastic con-
tamination from within the lab, trends still appear in the data.

Laboratory microplastic contamination implies that the results
obtained from this study regarding specific microplastic concentra-
tions should be regarded qualitatively, and absolute concentrations
should be used with caution. It is important to mention that the fil-
ters obtained from the control analyses were extremely clear, and
all microplastics present on the filters were visible. Filters obtained
from sediment samples, polychaete worm fecal cast samples, and
mussel samples all contained debris. Therefore, it is likely that
some of the more heavily camouflaged plastics among the various
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filter backgrounds were not numerated. This would result in
undercounting of microplastics on sample filters. It is essential
for scientists to be aware of and avoid airborne microplastics when
conducting studies in the future.

5. Conclusions

This study documented the presence of microplastic fibers in
intertidal sediments, polychaete fecal casts, and wild mussels adja-
cent to Halifax Harbor, in addition to coastal, farmed mussels
approximately 800 km away from the wild mussel sites. Micro-
plastic concentrations were similar between the 3 beaches ana-
lyzed, as they were in close proximity to one another, in addition
to all being located on the outskirts of an urbanized harbor. The ex-
posed beach had highest microplastic concentrations at the high
tide line. In this high-energy environment, small, relatively low-
density plastics remain in suspension until they are stranded at
the upper limit of wave action. At the 2 protected beaches ana-
lyzed, microplastic concentrations were highest at the low tide
line, with statistical significance at Rainbow Haven Beach back la-
goon. This low tide accumulation is most likely due to enhanced
deposition from reduced wave action, and may also be influenced
by interactions with microbial films.

Polychaete worm fecal casts analyzed from the 2 protected bea-
ches had microplastic fiber concentrations resembling those found
in low tide sediments from their respective beaches. This is an indi-
cation that polychaete deposit feeders are indiscriminately feeding
on microplastics, and appear to be excreting most if not all the
microplastics they consume. However, polychaetes may still be af-
fected by contaminants that are absorbed in microplastics upon
ingestion.

The mussels analyzed in this study contained microplastic fi-
bers, with significantly more microplastics enumerated in farmed
mussels compared to wild mussels. Possible reasons for this is
may be due to the fact that farmed mussels were grown on poly-
propylene plastic lines that shed microplastics into the surround-
ing environment, or this trend could be due to differences in
microplastic concentrations in the different locations from which
the farmed mussels and wild mussels originated.

The 5-time extraction conducted on a sediment sample re-
vealed that most microplastics were recovered from the 1st extrac-
tion, and lower concentrations of microplastics were recovered
from subsequent extractions. From the 3-time control extraction
using distilled water, it was discovered that the samples used in
this study suffered some microplastic contamination from within
the lab. Despite this contamination, trends in the data were still
detectable. It is important to be aware of and mitigate laboratory
microplastic contamination from within the lab by implementing
a control sample with every set of samples subjected to H2O2 treat-
ment, to better quantify this contamination.

Relevant future work regarding microplastics includes studying
how different organic contaminants interact with different micro-
plastic polymers, and more importantly, how they interact within
vertebrates and invertebrates. Efforts must be established in the
aquaculture industry to regulate the presence of microplastics in
farmed organisms, as they are currently unregulated. Suggestions
for microplastic regulations could include farming mussels on bio-
degradable lines to see if changing the net material influences
microplastic concentrations within farmed mussels, as well as
purifying mussels in seawater before they are sold to the public.
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