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Microplastics are an emerging concern for the health of marine ecosystems. In the southeastern US, the ﬁlterfeeding Eastern oyster, Crassostrea virginica, is susceptible to microplastic ingestion. We quantiﬁed the distribution of microplastics within adult oysters (harvestable size > 7.5 cm) from 28 reefs throughout a rural
estuary with limited riverine inputs (St. Catherines Sound, Georgia). To determine which variables best predict
microplastic concentration in oysters, we also quantiﬁed oyster recruitment, distance to ocean, fetch, and water
body width. Oysters averaged 0.72 microplastic particles per individual (0.18 particles per gram wet mass);
microfragments and microplastics were equally abundant. Although microplastic concentrations were low,
multivariate models identiﬁed a positive eﬀect of water body width on the site-level concentration of plastic
microﬁbers; average microfragment length was aﬀected by fetch. Our work informs a growing understanding of
microplastic distribution in coastal estuaries, providing an important rural contrast to the urbanized estuaries
that have been examined.

1. Introduction
Plastic debris has been reported in marine environments since 1975
and has been increasing both in quantity and eﬀects on marine wildlife
(Andrady, 2011; Azzarello and Van Vleet, 2007; Eriksson and Burton,
2009; Laist, 2011; Lee et al., 2013). Recent estimates project that between 4.8 and 12.7 million metric tons of plastic enter the ocean from
land sources each year (Jambeck et al., 2015), and the breakdown of
this waste into microplastics (plastics < 5 mm in length) and potential
subsequent ingestion by smaller marine organisms is of rising concern.
Microplastics enter ocean systems via two general pathways: (1) in the
form of microbeads, capsules, industrial scrubbers, microﬁbers from
textiles, and other particles produced from plastic manufacturing processes, or (2) from the breakdown of larger plastic debris already present in the ocean or beach litter (Lusher et al., 2014).
Although the production, use, and disposal of plastic materials into
marine systems continues to increase, the consequences of plastic
breakdown and plastic ingestion for marine species is sparsely investigated due to the labor and logistics involved in assessing their
distribution and abundance, both within the water column, sediments,
and marine organisms themselves (Doyle et al., 2011). Coastal ecosystem hydrodynamics (e.g., wave and tide induced turbulence, freshwater induced stratiﬁcation, and plume fronts) greatly inﬂuence microplastic inputs into the marine environment and determine particle
∗

dispersal, suspension, and settling pathways (Krelling et al., 2017; Lima
et al., 2015; Sadri and Thompson, 2014; Vermeiren et al., 2016). Speciﬁcally, estuaries, which exhibit high suspended inorganic and organic
particle content, are subject to these hydrodynamic processes, especially in areas where rivers contribute to microplastic pollution and
where additional sediment inﬂux may interact with particle density,
size, and charge, leading to increased aggregation and deposition
(Besseling et al., 2017). In addition to natural estuarine hydrodynamic
processes, microplastic concentration and spatial distribution is inﬂuenced by anthropogenic pressures such as high coastal population
densities (Frère et al., 2017; Li et al., 2018; Waite et al., 2018).
Other studies suggest there may be little spatial distribution patterns
of microplastic concentrations in relation to human population densities. For example, regression analysis conducted by Nel et al. (2017)
found no relationship between municipal populations and microplastic
density in sediment and water column samples across a gradient of
human population densities across 16 sites along the eastern, western,
and southern coasts of South Africa. However, water column samples
collected from two densely populated estuarine bays showed signiﬁcantly higher values than sandy beach sites. This weak association
between microplastic pollution and population density suggests the
importance of long-range distribution via coastal hydrodynamics from
point sources, such as harbors, estuarine bays, and metropolitan hubs
(Nel et al., 2017; Nel and Froneman, 2015). Similarly, Ling et al. (2017)
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body, fetch, intertidal elevation, distance from the ocean, and oyster
recruitment. First, we predicted that oysters on reefs located within
wider, more exposed parts of the estuary would contain a greater
quantity of microplastics than reefs located in smaller constricted areas.
Water body width may aﬀect microplastics directly by controlling the
volume or velocity of water ﬂow, which could aﬀect the concentration
of particulates such as microplastics and also inﬂuence oyster ﬁltration
(Lenihan et al., 1996). Water body width could also indirectly aﬀect
microplastic concentrations by aﬀecting the size and shape of the reef
since larger water bodies generally have larger reefs with more complex
shapes that could trap more settling particles. Second, fetch, or the
distance traveled by wind across open water, inﬂuences how much
wave energy reaches a reef, which determines the volume of water and
seston delivered, as well as the ﬂushing potential (Nordstrom and
Jackson, 2012). Third, intertidal elevation could aﬀect microplastic
concentrations in oysters because it controls the ﬂow speed of water to
which oysters are subjected, how long oysters are submerged and can
feed, and the settlement propensities of microplastics of various densities. Fourth, we predicted that distance to the ocean would reﬂect the
degree of oceanic inﬂuence, such as energy, water density and microplastic concentrations themselves. Reefs that are farther from the open
ocean may have greater exposure to microplastics that often wash into
estuaries from riverine sources. Fifth, oyster recruitment might mirror
the deposition of other waterborne particulates like microplastics if
hydrodynamics accumulate larvae and microplastics in the same places.
Alternatively, microplastics might be negatively correlated with recruitment if the densities of microplastics are suﬃciently diﬀerent from
larvae and get ﬂushed out of high ﬂow areas that oyster larvae prefer.
All of the above hypothesized associations of microplastic concentration with environmental variables, however, may be muted if the
overall abundance of microplastics is low due to the estuary's rural
setting.

quantiﬁed microplastic concentrations in marine sediments across 42
coastal and estuarine sites across south-eastern Australia and found
positive correlations between (1) microplastic ﬁlaments and wave exposure and (2) microplastic particles with ﬁner sediments, indicating
hydrological and sediment-matrix properties are important for particle
deposition and retention. However, overall microplastic concentrations
were ubiquitous across sampling sites (Ling et al., 2017).
Due to their small sizes and various densities, microplastics have the
potential to enter biological systems at various trophic levels, disrupting physiological processes and aﬀecting organismal health (Wright
et al., 2013). Because microplastics have a potential to inﬁltrate
plankton and sediments, both suspension and deposit feeders face the
risk of ingesting microplastic particles, either directly from the water
column or indirectly through the consumption of microalgae containing
microplastics (Avio et al., 2015; Browne et al., 2008). In marine species
including phytoplankton (Scenedesmus spp.), polychaete worms (Arenicola marina), blue mussels (Mytilus edulis), and a variety of ﬁsh and ﬁsh
larvae, ingested microplastic particles have been shown to compromise
feeding and digestion by directly blocking digestive routes and reducing
uptake of viable food sources, or indirectly via adverse eﬀects on other
biological processes such as reproduction, metabolism, and liver ﬁltration, which can shift energetic allocation from feeding to immune
maintenance (Bhattacharya et al., 2010; Köhler, 2010; Lee et al., 2013;
Mazurais et al., 2015; Oliveira et al., 2013; Rochman et al., 2013;
Sussarellu et al., 2016; Wright et al., 2013). Despite concerns regarding
ingestion, and a limited but growing number of studies that have examined the microplastic ingestion of ﬁlter-feeding bivalves, including
oysters (e.g., Cole and Galloway, 2015; Sussarellu et al., 2016), we still
know little about the factors contributing to accumulated microplastic
concentrations in organisms.
Oyster reefs in estuarine systems have important ecological and
economic value. They provide structured habitat for other species,
protect shorelines from erosion by stabilizing sediments and providing
wave attenuation, and are an important commercial shellﬁsh for seafood industries (Coen et al., 2007; Grabowski et al., 2012). However,
oysters have been negatively aﬀected by numerous anthropogenic
factors over the last few decades including overharvesting, habitat loss,
ocean acidiﬁcation and toxin exposure (MacInnes and Calabrese, 1979;
Kurochkin et al., 2009). As the ubiquity of microplastics and their effects on oysters are increasingly understood, understanding the factors
driving microplastic ingestion will be critical for maintaining healthy
ecosystems. Certain types of microplastics have been shown to aﬀect
oysters’ energy uptake and allocation, reproduction, and oﬀspring
performance (Sussarellu et al., 2016). However, in other cases, oyster
growth, respiration, and ﬁltration rates have been robust to eﬀects from
microplastics, especially compared to other benthic fauna that have
been shown to decrease in abundance with exposure to microplastics
(Green, 2016). Maintaining the health of this important ecosystem
engineer is critical for estuarine ecosystem functioning (Byers et al.,
2006; Gutiérrez et al., 2003).
Oyster populations (Crassostrea virginica) in Georgia are buoyed by
high density and recruitment, which exhibit the highest values in the
Atlantic southeastern US (Byers et al., 2015). Oysters in Georgia may
beneﬁt from inhabiting a largely undeveloped coastline that is sparsely
populated relative to other coastlines of the southeastern US. A sparser
human population along the coastline may also contribute lower ambient microplastic concentrations to the water system since rural
coastlines have been shown to have lower concentrations of primary
and secondary microplastics (Li et al., 2018).
We quantiﬁed estuarine-scale spatial variation in the concentration
of microplastic particles in oysters within a relatively isolated estuary
with minor riverine input compared to other Georgia estuaries, and
determined environmental variables associated with microplastic variation. We measured ﬁve environmental variables at each reef where
we collected oysters that we thought would inﬂuence, or covary with,
microplastic concentrations in oysters, including width of the water

2. Methods and materials
Site Selection and Field Data Collection — To quantify microplastic
content in oyster tissue and its association with biological and physical
habitat characteristics, in summer 2017 we collected adult oysters of
harvestable size (shell length > 7.5 cm, which are usually at least two
years old) from 30 intertidal reefs within 90 km2 of estuary between St.
Catherines and Sapelo Sounds (31.664845° N, 81.219921° W) (Harding
et al., 2008; Southworth et al., 2010). This estuary (hereafter referred to
as St. Catherines estuary) is situated within a non-urbanized area of the
Georgia coast and has no major riverine inputs. Oysters are strictly
intertidal in Georgia, and they range from approximately 0.155 m to
1.20 m above MLLW. For each reef, we took the elevational band and
roughly divided it into thirds (high, medium, and low tidal elevation).
To ensure we had enough oysters for processing 14 g of tissue, at each
reef we collected 6 to 10 oysters from each of the three categorical
intertidal elevations on the reef (high, medium, and low). We wrapped
the oysters in industrial strength tinfoil and placed them in a cooler to
transport to the lab for further processing. The collections came from
reefs across the full range of water body widths, from creeks to sounds,
that had been sampled the previous year for oyster larvae recruitment
(see below). At each site, we took GPS coordinates using the Avenza
Maps application for smartphones (Avenza Systems Inc., 2017) and
imported them in ArcGIS 10.5 software to enable spatial analysis and
visualization.
From July to October 2016 we measured monthly oyster recruitment over its predominant recruitment period throughout the study
area using larval collection devices called “spat sticks” that were
mounted vertically approximately 0.2 m above each reef. Spat sticks
were corrugated PVC pipes infused with calcium carbonate that
through their rugose surface and composition mimic adult oyster shells,
attracting oyster larvae to settle (Johnson and Smee, 2014, 2012; Byers
et al., 2015). They were 15 cm long and 2 cm in diameter (surface
2
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area = 0.0094 m2). The spat sticks were deployed for one month, removed for counting recruits, and replaced with clean spat sticks for the
next month. At the end of the 4-month measurement period, the
average monthly oyster recruitment was calculated for each reef.
Predictor Variables obtained through GIS Analysis — In addition to
oyster recruitment, which was measured in the ﬁeld, we also quantiﬁed
three other predictor variables at each collection site through GIS
analyses, creating data layers (rasters) in ArcGIS 10.5. First, we calculated water body width by (1) creating an overwater-distance-to-land
layer, (2) using arcHydro (Leonardo, 2017) to create a water body
centerline, (3) creating an overwater-distance-to-centerline layer, and
(4) multiplying every layer pixel by two. Second, we calculated fetch
using the Waves ArcGIS toolbox (Rohweder et al., 2012). Wind speed
and direction model input was calculated using wind data (2006–2015,
Weather Underground.com) from St. Simons Island, GA for 16 compass
arcs (22.5° each). Third, we quantiﬁed distance to the ocean by classifying water east of the barrier islands in our study area as ocean, and
then creating the shortest overwater-distance-to-ocean layer. Oyster
reef polygons were converted to points and all layer data (water body
width, fetch and distance to ocean) were extracted to reef points.
Laboratory Analysis — After collection, we shucked the oysters using
prewashed oyster knives inside a ventilation chamber to prevent aerial
microplastic contamination. The chamber was constructed to cover the
work bench using PVC pipes, plastic sheets, and duct tape (Fig. S1).
Glass panels were inserted to provide a clear view inside the benchtop
chamber. A fan was placed above a central opening at the top of the
chamber to continuously ventilate the chamber and move air upwards,
minimizing contamination during the shucking process. To standardize
the biomass of tissue analyzed and to account for variability in the size
of individual oysters, for each of the three tidal elevations on each reef,
we haphazardly selected and shucked a subsample of 3 to 5 adult oysters from the total collected in the ﬁeld to yield a single sample of
∼14 g of oyster wet mass. One site was an extreme case where 7 adult
oysters were used to reach the ∼14 g wet mass. The entirety of oyster
tissue from each oyster shucked was used. The tissue was placed in a
pre-washed 200-mL glass jar and stored in a freezer for further processing.
To separate the microplastics from the oyster tissue, we followed a
protocol to dissolve tissue (Karami et al., 2017). After thawing each
pooled oyster tissue sample, we added 10% KOH solution (Oakwood
Chemical) in a 1:10 ratio (oyster mass/volume of solution). Thus, a
15.0 g tissue sample received 150 mL of 10% KOH solution. The samples were incubated at 40 °C for 72 h in an incubator. Each sample was
stirred with a metal knife once a day to ensure complete mixing and
eﬃcient digestion. The knife was rinsed with DI water in between each
sample and dried with a kimwipe. After incubation, each sample was
poured over a 35-μm sieve and rinsed thoroughly with deionized water.
We included an additional density separation step to further isolate
microplastic pieces, because enough digestion resistant materials (e.g.,
shell fragments) remained in the samples after the KOH digestion and
sieving process. We therefore transferred contents collected on the sieve
to a 15 mL falcon tube, added 1.5 g/ml of 4.4 M NaI solution (Alfa
Aesar), and centrifuged it at 1610 G for 5 min (Karami et al., 2017).
Afterwards, we poured the supernatant over a vacuum ﬁltration apparatus with a Whatman No. 540 ﬁlter paper. Filter papers were removed and placed into a labeled tinfoil packet and brieﬂy placed in a
drying oven (70 °C, 5–10 min) to prevent wet particles from sticking to
the foil packets. The tin foil packets were then sealed and stored at
room temperature for further examination. Given the available space in
the incubator, the samples were processed in three batches. For each
batch, two procedural control blanks were processed starting with a
clean 200-mL glass jar at the KOH digestion stage to account for contamination in each batch.
Next, we did a visual inspection of each ﬁlter paper to count and
categorize microplastics. To minimize airborne contamination, we
constructed a wooden viewing station using standard plywood (Fig.

Fig. 1. Filter paper section containing a microﬁber particle, circled in red. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

S2). We prepared the viewing station by positioning a dissecting microscope (3.5X-90X magniﬁcation), a light source, a candle, and a
watch glass. The entire viewing station was thoroughly cleaned before
visual inspection using a compressed air cleaner to remove any loose
particles from the area. Additionally, forceps and a sewing needle were
cleaned with deionized water and dried before placing into the viewing
station.
We divided each ﬁlter paper into six sections to allow for optimal
image capturing and examination. We counted microplastics and categorized them in three categories: ﬁbers, beads, and fragments of irregular shape. If it was unclear whether the particle was made of plastic
(e.g., if it had a clear or non-descript color), we performed the “hot
needle test”, whereby plastic particles will move or melt in reaction to
the heat of the needle, and natural ﬁbers will not react to the heat (De
Witte et al., 2014; Hidalgo-Ruz et al., 2012; Karlsson et al., 2017). We
then took pictures of the six sections of each ﬁlter paper using a Nikon
digital camera to measure lengths of the identiﬁed microﬁbers. From
the images, we measured microﬁber and fragment lengths (mm) using
the “freehand line” tool in ImageJ (Abramoﬀ et al., 2004). A standard
scale of 4 mm was included in every picture (Fig. 1).
For statistical analyses, we used as response variables the number of
ﬁbers and the number of fragments, as well as the total number of
microplastics. Because micro-bead abundance was negligible (n = 1),
we did not use microbeads as a separate response variable. The average
microﬁber length and average microfragment length were each calculated by averaging the lengths of all ﬁbers and fragments, respectively,
in a sample.
Quality Control — To prevent contamination throughout our procedure, all glassware was washed with a commercial dishwashing liquid, rinsed with deionized water, and dried in a drying oven (70 °C,
24 h). Cotton lab coats, nitrile gloves, and 100% cotton clothing were
worn during the entire experiment. The lab procedures were carried out
in a fume-hood or ventilation chamber to prevent potential contamination with airborne microplastics. As aforementioned, two procedural blanks (controls) were performed without oyster tissue in parallel with each of the three batches of oyster samples processed to
evaluate background contamination.
For the procedural controls (n = 6) we found an average ( ± SD) of
1.33 ( ± 1.51) microplastic particles per ﬁlter paper, composed of 1.17
( ± 1.47) microﬁbers and 0.167 ( ± 0.41) microfragments. Most of this
contamination was observed in the ﬁrst batch of samples, representing
eight reefs. Speciﬁcally, in the two blanks for batch one, we found 5
ﬁbers and 1 fragment, out of the total 7 ﬁbers and 1 fragment across all
six blanks. Although the number of particles found across all the blanks
was low and similar to other studies (e.g., Su et al., 2018), batch one
was the only batch that contained any appreciable signs of contamination. Thus, for each oyster ﬁlter paper sample in batch one, we
3
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Table 1
Summary of microplastic distribution. A total of 1192.28 g of oyster tissue and 308 oysters were collected from 28 reefs in St. Catherines estuary, Georgia, USA.
The average mass of oyster tissue per site ( ± SD) was 42.58 g ( ± 1.796) and the average number of oysters per site was 11 ( ± 2.13). The mean wet tissue mass per
oyster (calculated by dividing collective mass at the site level by the number of oysters sampled and averaging over the 28 sample sites) was 3.86 g ( ± 0.947). One
micro-bead was found throughout the entire study. Total microplastic and microﬁber numbers reported here reﬂect the correction for the low microﬁber contamination in the ﬁrst processed batch of oysters.

Total Microplastics
Microﬁbers
Microfragments

Total particle #

Total abundance per site (42.58 g oyster
tissue) ( ± SD)

Site-level average abundance per g oyster
tissue ( ± SD)

Site-level average abundance per oyster
( ± SD)

213
105
107

7.61 ( ± 3.26)
3.75 ( ± 2.41)
3.82 ( ± 2.07)

0.178 ( ± 0.074)
0.088 ( ± 0.055)
0.089 ( ± 0.048)

0.724 ( ± 0.339)
0.361 ( ± 0.246)
0.359 ( ± 0.202)

and found log10(fetch) and log10(water body width) to be correlated
with R > 0.7; however, we decided to keep both variables in the model
because of their possible complementarity in predicting microplastic
concentration. The ﬁnal predictor variables included in our models
were distance to ocean, log10(fetch), log10(water body width), log10(average oyster recruitment). We also found that ln (average microﬁber length +1) and ln (average microfragment length +1) were
more normally distributed and we used these transformed response
variables for analyses.
To determine the most inﬂuential physical and biological variables
associated with microplastic distribution, we used each of the four independent predictor variables in GLMs with stepwise AIC model competition to select the most parsimonious models as informed by model
weights. We ran a GLM on each of the ﬁve response variables—total
microplastic particles, microfragment particles, microﬁber particles, ln
(average microﬁber length + 1), ln (average microfragment length
+1)—using a Poisson distribution and a log link function for the ﬁrst
three, and a Gaussian distribution for the fourth and ﬁfth. We used
Kolmogorov-Smirnov tests to verify that the count data were best described with Poisson distributions and the ln (x+1)-transformed length
data were best described with Gaussian distributions. To help visualize
patterns, for each top ﬁtting model we explored the univariate eﬀects of
the identiﬁed predictor variables on each response variable using loglinear regression models.

subtracted out the average number of microﬁbers found on the two
blanks and rounded down to the nearest whole integer (i.e., 2). For a
third of the samples in batch one, values were lower than the average
blank value, so the ﬁnal value was bounded at zero. Average length of
microﬁbers and microfragments was not altered since an average of the
individual pieces should be robust to a small level of extraneous entries.
Statistical Analysis — All of our sampled reefs had data on water
body width, fetch, and distance to ocean. Out of the 30 reefs sampled,
28 had available oyster recruitment data. To include this additional
independent variable in complete-case model analyses, we excluded the
two reefs missing recruitment data. Because intertidal elevation was a
categorical variable, we conducted an initial, separate analysis for the
eﬀect of tidal elevation (high, medium, or low) on each of the ﬁve response variables: 1) the total number of microplastic particles, 2) the
number of microﬁber particles, 3) the number of microfragment particles, 4) the average length of microﬁbers, and 5) the average length of
microfragments per 14 g oyster sample from each tidal elevation on
each reef. We ran generalized linear regression models (GLMs) on the
eﬀect of intertidal height, including site as a random variable, on total
microplastics, microﬁbers, and microfragments using a Poisson distribution and a log link function, and on ln (average microﬁber
length + 1) and ln (average microfragment length + 1) with a
Gaussian distribution and an identity link function. These analyses indicated that intertidal elevation was not a signiﬁcant predictor of total
microplastics (χ22, 81 = 2.73; p = 0.255), microﬁbers (χ22, 81 = 2.92;
p = 0.232), microfragments (χ22,81 = 0.499; p = 0.778), ln average
microﬁber length per site (χ22, 81 = 0.966; p = 0.617), or ln average
microfragment length per site (χ22, 81 = 0.207; p = 0.902). Thus, for the
remaining analyses we dropped tidal elevation as a variable and pooled
the number of microplastic particles for each tidal elevation (high,
medium, low) to get overall counts per site (∼42 g oyster tissue) for
each response variable.
Next, we checked the normality of the distribution for each predictor variable (water body width, fetch, distance to ocean, and oyster
recruitment) using the Shapiro–Wilk test in RStudio, Version 1.1.419 (R
Studio Team, 2016). We determined that the log10 transformation resulted in more normally distributed data for most of the predictor
variables. We also tested for collinearity among our predictor variables

3. Results
Microplastic Quantiﬁcation — Across the 28 sites, in each 42.58 g
( ± 1.79, SD) oyster tissue sample we found an average ( ± SD) of 7.61
( ± 3.26) microplastic particles, comprised of 3.75 ( ± 2.41) microﬁbers, 3.82 ( ± 2.11) microfragments, and 0.0357 ( ± 0.189) microbeads. The average length of microﬁbers was 1.64 mm ( ± 1.28) and
the average length of microfragments was 0.405 ( ± 0.521) (Table 1).
Table 1 also presents these abundances standardized by g of oyster
tissue and by the number of oysters included in the collective 42 g
sample. Of the corrected total microplastic particles observed
(n = 213), microfragments (n = 107) were only slightly more abundant
(50.2%) than microﬁbers (49.3%). Means and ranges for predictor

Table 2
Multivariate GLM Results. Model response variables are total (corrected) microplastic (MP) particles, microﬁber particles, microfragment particles, ln (average
microﬁber length+1), and ln (average microfragment length +1). Model predictor variables are 1og10water body width (wbw); distance to ocean (distance);
1og10fetch (fetch); and 1og10average oyster recruitment (recruit). Pseudo-R2 values are both the Cragg-Uhler and McFadden pseudo R2's. logLik is the Log Likelihood.
Values displayed in bold indicate a signiﬁcant result. Table S1 reports the relative rankings of the top three models for each response variable.
Response Variable

Predictor Variables

χ2

Model Signiﬁcance

Pseudo-R2

logLik

Variable Estimate (SE)

Variable Signiﬁcance

Total MP Particles
Microﬁber Particles
Microfragment Particlesa
Ln Average Microﬁber Length

Wbw
Wbw
Distance
Wbw
Recruit
Fetch

2.36
4.04
0.70
0.49

p = 0.12
p = 0.04
p = 0.40
p = 0.17

0.08;
0.14;
0.03;
0.21;

−71.96
−62.22
−59.29
−10.36

0.15

p = 0.04

−0.26; −0.35

0.187 (0.122)
0.352 (0.176)
2.32e-05 (2.77e-05)
0.290 (0.159)
−0.360 (0.239)
0.109 (0.054)

p = 0.126
p = 0.0461
p = 0.402
p = 0.0792
p = 0.145
p = 0.0551

Ln Average Microfragment Length
a

0.02
0.03
0.01
0.15

7.78

For the microfragment particles model the intercept-only model was the best, so the second-best model is displayed.
4
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Fig. 2. Total corrected microplastic particles per ∼42.5 g of oyster tissue [ln(x
+1) transformed] as a function of log water body width (R2 = 0.0499;
p = 0.253). The 95% conﬁdence interval is shown in gray.

variables are reported in Table S2.
The most parsimonious models for total microplastic particles and
microﬁbers contained a single variable—a positive eﬀect of log10(water
body width) (Table 2, Figs. 2–3). The model for ln (average microﬁber
length +1) contained two variables—a positive eﬀect of log10(water
body width) and a negative eﬀect of log10(oyster recruitment) (Table 2,
Fig. 4a,b). The model for ln (average microfragment length +1) contained a single variable—a positive eﬀect of log10(fetch) (Table 2,
Fig. 5). For each of these four response variables, the top model was
heavily weighted above other candidate models (Table S1). For total
microfragment particles the intercept-only model ﬁt more than twice as
well as the next best model, indicating that no variables explained this
response well (Table S1). The second-best model had a weak, non-signiﬁcant eﬀect of distance from the ocean (Table 2).
Although the models identiﬁed signiﬁcant predictor variables, the
amount of variability they explained in microplastic abundances was
low (Table 2, Figs. 2–5). The range of microplastic particles for sites
that had particles was 3–18 (Fig. 6B), and the range in average microﬁber length for sites that had microﬁbers was 0.22–3.88 mm, with
Fig. 4. Average microﬁber length [ln(x+1) transformed] as a function of (A)
log average oyster recruitment (R2 = 0.0075; p = 0.662) and (B) log water
body width (R2 = 0.0456; p = 0.275). The 95% conﬁdence interval is shown in
gray.

larger water body width sites having greater values (Table 2, Fig. 6C).
For sites that had microfragments, the average microfragment length
ranged from 0.14-1.17 mm, with sites with larger fetch having greater
values (Table 2, Fig. 6D).
4. Discussion
Overall, microplastic concentration within oysters in St. Catherines
estuary was low compared to other similar studies assessing plastic
concentration in estuarine organisms (Davidson and Dudas, 2016; Li
et al., 2018; Su et al., 2018; Waite et al., 2018). Oysters from our study
area contained an average of 0.724 microplastic particles per adult
oyster (Table 1). Following a similar protocol for microplastic extraction, Waite et al. (2018) working in a microtidal estuary located along
the east coast of Florida, Mosquito Lagoon, found between 7 to 23
microplastic pieces per oyster (Waite et al., 2018), and a study sampling
the Middle-Lower Yangtze River Basin in South China found between 1
to 7 particles per oyster (Li et al., 2018). Both studies found a positive

Fig. 3. Total microﬁber particles per ∼42.5 g of oyster tissue [ln(x+1) transformed] as a function of water body width (R2 = 0.0833; p = 0.137). The 95%
conﬁdence interval is shown in gray.
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this allows for easier passage through the digestive system, resulting in
faster egestion rates compared to ﬁbers and fragments of varying form
and roughness (Sussarellu et al., 2016). The reduced surface area of a
bead for a given mass could also make them less buoyant, and therefore
less abundant in the water column (Waite et al., 2018).
There are two possible procedural steps we used that can sometimes
inﬂate microplastic counts in organisms. First, we used a hot needle test
to distinguish plastics from organic material present on the ﬁlter papers
(i.e. shell fragments). As illustrated by Song et al. (2015), a Fourier
transform infrared spectroscopy (FT-IR) is a more reliable method to
discriminate the amount and chemical types of plastics, because microscope identiﬁcation with the hot needle test may overestimate microplastic abundance (Löder and Gerdts, 2015; Shim et al., 2017; Song
et al., 2015). Second, airborne contamination of microplastics can occur
from the use of the (1) ventilation chamber during the oyster shucking
process, and (2) fume-hood ventilation during the rinsing and transfer
of samples into KOH solution. However, the latter was accounted for by
including blanks with each batch of samples, which were largely clean.
In all cases, these sources did not seem inﬂuential due to the very low
levels of microplastics we enumerated compared to other studies.
Water body width was a signiﬁcant predictor of total microﬁber
concentration, while microfragment concentration was not predicted by
any variable (Table 2). Water body width was nearly a signiﬁcant
predictor of ln average microﬁber length, while fetch, a highly correlated variable with water body width, was an important predictor of
average microfragment size (Table 2). The diﬀerence between models
for microﬁbers and microfragments may suggest that their diﬀerent
physical properties inﬂuence their distribution and concentration patterns within the estuary. Alternatively, these two sub-categories of
microplastics diﬀer in the speciﬁc pathways in which they enter marine
environments (Browne et al., 2011; Rochman et al., 2019). For example, Browne et al. (2011) showed that certain polyester and acrylic
ﬁbers used in clothing closely resembled those found in coastal sediments that receive sewage discharges, suggesting that sewage eﬄuents
represent a primary source of microﬁbers from clothes washing that are
not completely retained during wastewater treatment (Browne et al.,
2011). Microfragments typically enter marine environments from secondary pathways via breakdown of macroplastics (e.g., plastic bags)
already present in the water column (Browne et al., 2011; Lusher et al.,
2014; Rochman et al., 2013).
Water body width and fetch are highly correlated environmental
variables. Both may have positive eﬀects on microplastics, but the exact
details of their positive associations are unknown. Possibly, wider, more
exposed parts of the estuary contain a greater quantity of microplastics
than reefs located in smaller constricted areas since water body width
controls the volume and velocity of water ﬂow, and thus could aﬀect
the concentration of particulates. Water body width through its eﬀects
on hydrology could also indirectly aﬀect microplastic concentrations by
inﬂuencing the size and shape of oyster reefs, which in turn inﬂuences
the tendencies of the reef to physically entrain particles and the ﬁlter
feeding eﬃciency of the resident oysters (Lenihan, 1999; Lenihan et al.,
1996). Also, fetch inﬂuences how much energy reaches a reef, which
determines the volume of water and seston delivered, the size of suspended particles, and ﬂushing potential (Nordstrom and Jackson,
2012). However, ultimately it is important to recognize that no variables or variable combinations explained much of the spatial variation
in microplastic abundance in oysters (Table 2, Figs. 2–5). The low inﬂuence of predictor variables was likely at least in part due to low
overall spatial variation in total microplastic abundance or microplastic
length per site throughout our estuarine domain (Fig. 6). It would be
informative to examine the strength of these environmental variables in
areas with higher microplastic levels to see if their inﬂuence increases
in areas where there is greater spatial variation to explain.
Given the ubiquity of microplastics in aquatic systems, their presence in a rural Georgia estuary is not surprising. However, the microplastic levels in oysters were low, with low spatial variability

Fig. 5. Average microfragment length [ln(x+1) transformed] as a function of
log fetch (R2 = 0.134; p = 0.055). The 95% conﬁdence interval is shown in
gray.

relationship between microplastic content in the water column and
plastic concentration within oysters, as well as increased plastic concentration from samples collected near more urbanized areas. Because
our study area is located in a rural watershed, there may be lower
ambient plastic concentrations in the water column compared to more
developed and urbanized coastal areas. Also, estuarine systems located
near river mouths receive additional microplastic inputs from freshwater systems (Horton et al., 2017). St. Catherines estuary is not located near any freshwater rivers, which could also contribute to the
relatively low microplastic concentrations observed in our study.
Oysters also likely eﬃciently expel or purge microplastic particles, a
process that may be aided in an environment that is not saturated in
plastics. Even in the Waite et al. (2018) study where higher microplastic
loads were found in oysters, the concentrations were still far below the
levels found in the water column. Their water samples averaged 23.1
microplastic pieces per L, while adult oysters, which can ﬁlter multiple
liters of water per hour (Ehrich and Harris, 2015), averaged 16.5 microplastic pieces. Eastern oysters (Crassostrea virginica) are active suspension-feeders that ﬁlter large quantities of ﬁne organic and inorganic
particulate matter and excrete it, a process referred to as biodeposition
(Nelson et al., 2004). During this process, oysters bind unwanted particulates into pseudo-feces that sink into the sediments preventing the
re-suspension of particles back into the water-column (Haven and
Morales-Alamo, 1972). Through this process of biodeposition, oyster
reefs may play a role in removing plastic particles suspended in the
water column and increasing microplastic concentrations in sediments,
making reefs potential “hotspots” for microplastic accumulation. Furthermore, oysters might be eﬃcient at purging microplastics from their
own tissue, resulting in the low, but relatively consistent residual levels
of microplastics that we observed in this study.
Microfragments (50.2%) and microﬁbers (49.3%) were the predominant microplastic particle types observed. Similar studies focused
on microplastic quantiﬁcation, report microﬁbers as the predominant
particle type (Davidson and Dudas, 2016; Li et al., 2018; Su et al., 2018;
Waite et al., 2018). For example, Su et al. (2018) examined microplastics in freshwater Asian clams (Corbicula ﬂuminea), water, and sediment from 21 river and estuary sites and reported that microﬁbers
comprised 60–100% of particles found in clams across all sampling
sites. Microﬁbers and microfragments may be more common in ﬁlter
feeders like clams and oysters because those particle types are more
common in the water column, or because they may be harder to expel.
In contrast, microbeads, which were < 0.5% of the microplastics found,
tend to be smoother and more spherical, and it has been suggested that
6
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Fig. 6. Oyster reefs sampled in St.
Catherines estuary (between St. Catherines
and Sapelo Sounds), Georgia (A). The size of
yellow dots is scaled proportionately to represent the range of values in ∼42.5 g of
oyster tissue collected from each site and
measured for: (B) Total (corrected) abundance of microplastic particles (ﬁbers, fragments, beads); the sizes of circles scale from
0 to 18 particles; (C) Average microﬁber
length (mm); the sizes of circles scale from 0
to 3.88 mm; and (D) Average microfragment
length (mm); the sizes of circles scale from 0
to 1.17 mm. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the Web version of this
article.)
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throughout the estuary. The oysters in St. Catherines estuary are likely
far removed from the strong physiological eﬀects that have been
measured in oysters exposed to sustained high levels of microplastics,
such as modiﬁed feeding abilities, reduced fecundity, and disrupted
reproductive processes, like decreased gamete size, number, and condition (Sussarellu et al., 2016). Studies like ours are important to
identify factors driving variation in organismal concentrations of microplastics. Furthermore, our work provides important data to help
resolve the growing understanding about the scale of microplastic
variation between estuaries, particularly along the continua of rural
versus urbanized, and river-inﬂuenced versus coastal-dominated systems.

Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

CRediT authorship contribution statement

Acknowledgements

Clarissa Keisling: Conceptualization, Methodology, Software,
Formal analysis, Investigation, Writing - original draft, Visualization. R.
Daniel Harris: Conceptualization, Methodology, Software, Validation,
Formal analysis, Investigation, Resources, Writing - review and editing,

Funding and support from University of Georgia Center for
Undergraduate Research Opportunities, NSF GRFP, NOAA Georgia Sea
7

Marine Pollution Bulletin 150 (2020) 110672

C. Keisling, et al.

Grant (2016-R/HCE-16), and St Catherines Island Foundation. Special
thanks to Sydney Bourget and Adam Greer for ﬁeld assistance and to
Jay Brandes and Carrie Keogh for methods advice.

Gutiérrez, J.L., Jones, C.G., Strayer, D.L., Iribarne, O.O., 2003. Mollusks as ecosystem
engineers: the role of shell production in aquatic habitats. Oikos 101, 79–90. https://
doi.org/10.1034/j.1600-0706.2003.12322.x.
Harding, J.M., Mann, R., Southworth, M.J., 2008. Shell length-at-age relationships in
james river, Virginia, oysters (Crassostrea virginica) collected four centuries apart. J.
Shellﬁsh Res. 27, 1109–1115. https://doi.org/10.2983/0730-8000-27.5.1109.
Haven, D.S., Morales-Alamo, R., 1972. Biodeposition as a factor in sedimentation of ﬁne
suspended solids in estuaries, in. Environmental Framework of Coastal Plain
Estuaries 121–130. https://doi.org/10.1130/mem133-p121.
Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine
environment: a review of the methods used for identiﬁcation and quantiﬁcation.
Environ. Sci. Technol. 46, 3060–3075. https://doi.org/10.1021/es2031505.
Horton, A.A., Walton, A., Spurgeon, D.J., Lahive, E., Svendsen, C., 2017. Microplastics in
freshwater and terrestrial environments: evaluating the current understanding to
identify the knowledge gaps and future research priorities. Sci. Total Environ. 586,
127–141. https://doi.org/10.1016/j.scitotenv.2017.01.190.
Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan,
R., Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science 347,
768–771. https://doi.org/10.1126/science.1260352. (80-. ).
Johnson, K.D., Smee, D.L., 2014. Predators inﬂuence the tidal distribution of oysters
(Crassostrea virginica). Mar. Biol. 161, 1557–1564. https://doi.org/10.1007/s00227014-2440-8.
Johnson, K.D., Smee, D.L., 2012. Size matters for risk assessment and resource allocation
in bivalves. Mar. Ecol. Prog. Ser. 462, 103–110. https://doi.org/10.3354/
meps09804.
Karami, A., Golieskardi, A., Choo, C.K., Romano, N., Ho, Y. Bin, Salamatinia, B., 2017. A
high-performance protocol for extraction of microplastics in ﬁsh. Sci. Total Environ.
578, 485–494. https://doi.org/10.1016/j.scitotenv.2016.10.213.
Karlsson, T.M., Vethaak, A.D., Almroth, B.C., Ariese, F., van Velzen, M., Hassellöv, M.,
Leslie, H.A., 2017. Screening for microplastics in sediment, water, marine invertebrates and ﬁsh: method development and microplastic accumulation. Mar.
Pollut. Bull. 122, 403–408. https://doi.org/10.1016/j.marpolbul.2017.06.081.
Köhler, A., 2010. Cellular fate of organic compounds in marine invertebrates. Comp.
Biochem. Physiol. Part A Mol. Integr. Physiol. 157, S8. https://doi.org/10.1016/j.
cbpa.2010.06.020.
Krelling, A.P., Souza, M.M., Williams, A.T., Turra, A., 2017. Transboundary movement of
marine litter in an estuarine gradient: evaluating sources and sinks using hydrodynamic modelling and ground truthing estimates. Mar. Pollut. Bull. 119, 48–63.
https://doi.org/10.1016/j.marpolbul.2017.03.034.
Kurochkin, I.O., Ivanina, A.V., Eilers, S., Downs, C.A., May, L.A., Sokolova, I.M., 2009.
Cadmium aﬀects metabolic responses to prolonged anoxia and reoxygenation in
eastern oysters (Crassostrea virginica). Am. J. Physiol. Integr. Comp. Physiol. 297,
1262–1272. https://doi.org/10.1152/ajpregu.00324.2009.
Laist, D.W., 2011. Impacts of marine debris: entanglement of marine life in marine debris
including a comprehensive list of species with entanglement and ingestion records.
Marine Debris 99–139. https://doi.org/10.1007/978-1-4613-8486-1_10.
Lee, K.W., Shim, W.J., Kwon, O.Y., Kang, J.H., 2013. Size-dependent eﬀects of micro
polystyrene particles in the marine copepod tigriopus japonicus. Environ. Sci.
Technol. 47, 11278–11283. https://doi.org/10.1021/es401932b.
Lenihan, H.S., 1999. Physical-biological coupling on oyster reefs: how habitat structure
inﬂuences individual performance. Ecol. Monogr. 69, 251–275. https://doi.org/10.
1890/0012-9615(1999)069[0251:PBCOOR]2.0.CO;2.
Lenihan, H.S., Peterson, C.H., Allen, J.M., 1996. Does ﬂow speed also have a direct eﬀect
on growth of active suspension-feeders: an experimental test on oysters. Limnol.
Oceanogr. 41, 1359–1366. https://doi.org/10.4319/lo.1996.41.6.1359.
Leonardo, F., 2017. Identify ridgelines from a mountain in ArcGIS. GeoGeek.xyz [Blog
post]. https://geogeek.xyz/identify-ridgelines-mountain-arcgis.html URL.
Li, H.X., Ma, L.S., Lin, L., Ni, Z.X., Xu, X.R., Shi, H.H., Yan, Y., Zheng, G.M., Rittschof, D.,
2018. Microplastics in oysters saccostrea cucullata along the pearl river estuary,
China. Environ. Pollut. 236, 619–625. https://doi.org/10.1016/j.envpol.2018.01.
083.
Lima, A.R.A., Barletta, M., Costa, M.F., 2015. Seasonal distribution and interactions between plankton and microplastics in a tropical estuary. Estuar. Coast Shelf Sci. 165,
213–225. https://doi.org/10.1016/j.ecss.2015.05.018.
Ling, S.D., Sinclair, M., Levi, C.J., Reeves, S.E., Edgar, G.J., 2017. Ubiquity of microplastics in coastal seaﬂoor sediments. Mar. Pollut. Bull. 121, 104–110. https://doi.
org/10.1016/j.marpolbul.2017.05.038.
Löder, M.G.J., Gerdts, G., 2015. Methodology used for the detection and identiﬁcation of
microplastics—a critical appraisal, in. Marine Anthropogenic Litter 201–227. https://
doi.org/10.1007/978-3-319-16510-3_8.
Lusher, A.L., Burke, A., O'Connor, I., Oﬃcer, R., 2014. Microplastic pollution in the
northeast atlantic ocean: validated and opportunistic sampling. Mar. Pollut. Bull. 88,
325–333. https://doi.org/10.1016/j.marpolbul.2014.08.023.
MacInnes, J.R., Calabrese, A., 1979. Combined eﬀects of salinity, temperature, and
copper on embryos and early larvae of the American oyster, Crassostrea virginica.
Arch. Environ. Contam. Toxicol. 8, 553–562. https://doi.org/10.1007/BF01055036.
Mazurais, D., Ernande, B., Quazuguel, P., Severe, A., Huelvan, C., Madec, L., Mouchel, O.,
Soudant, P., Robbens, J., Huvet, A., Zambonino-Infante, J., 2015. Evaluation of the
impact of polyethylene microbeads ingestion in European sea bass (Dicentrarchus
labrax) larvae. Mar. Environ. Res. 112, 78–85. https://doi.org/10.1016/j.marenvres.
2015.09.009.
Nel, H.A., Froneman, P.W., 2015. A quantitative analysis of microplastic pollution along
the south-eastern coastline of South Africa. Mar. Pollut. Bull. 274–279. https://doi.
org/10.1016/j.marpolbul.2015.09.043.
Nel, H.A., Hean, J.W., Noundou, X.S., Froneman, P.W., 2017. Do microplastic loads reﬂect the population demographics along the southern African coastline? Mar. Pollut.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2019.110672.
Declarations of interest
None.
References
Abramoﬀ, M.D., Magalhães, P.J., Ram, S.J., 2004. Biophotonics international. Biophot.
Int. 11, 36–42.
Andrady, A.L., 2011. Microplastics in the marine environment. Mar. Pollut. Bull. 62,
1596–1605. https://doi.org/10.1016/j.marpolbul.2011.05.030.
Avenza Systems Inc, 2017. Avenza Maps 3.6.2 [Mobile Application Software]. https://
www.avenza.com/avenza-maps/.
Avio, C.G., Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., D'Errico, G., Pauletto, M.,
Bargelloni, L., Regoli, F., 2015. Pollutants bioavailability and toxicological risk from
microplastics to marine mussels. Environ. Pollut. 198, 211–222. https://doi.org/10.
1016/j.envpol.2014.12.021.
Azzarello, M., Van Vleet, E., 2007. Marine birds and plastic pollution. Mar. Ecol. Prog.
Ser. 37, 295–303. https://doi.org/10.3354/meps037295.
Besseling, E., Quik, J.T.K., Sun, M., Koelmans, A.A., 2017. Fate of nano- and microplastic
in freshwater systems: a modeling study. Environ. Pollut. 220, 540–548. https://doi.
org/10.1016/j.envpol.2016.10.001.
Bhattacharya, P., Lin, S., Turner, J.P., Ke, P.C., 2010. Physical adsorption of charged
plastic nanoparticles aﬀects algal photosynthesis. J. Phys. Chem. C 114,
16556–16561. https://doi.org/10.1021/jp1054759.
Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T., Thompson, R.,
2011. Accumulation of microplastic on shorelines woldwide: sources and sinks.
Environ. Sci. Technol. 45, 9175–9179. https://doi.org/10.1021/es201811s.
Browne, M.A., Dissanayake, A., Galloway, T.S., Lowe, D.M., Thompson, R.C., 2008.
Ingested microscopic plastic translocates to the circulatory system of the mussel,
Mytilus edulis (L.). Environ. Sci. Technol. 42, 5026–5031. https://doi.org/10.1021/
es800249a.
Byers, J.E., Cuddington, K., Jones, C.G., Talley, T.S., Hastings, A., Lambrinos, J.G.,
Crooks, J.A., Wilson, W.G., 2006. Using ecosystem engineers to restore ecological
systems. Trends Ecol. Evol. 21, 493–550. https://doi.org/10.1016/j.tree.2006.06.
002.
Byers, J.E., Grabowski, J.H., Piehler, M.F., Hughes, A.R., Weiskel, H.W., Malek, J.C.,
Kimbro, D.L., 2015. Geographic variation in intertidal oyster reef properties and the
inﬂuence of tidal prism. Limnol. Oceanogr. 60, 1051–1063. https://doi.org/10.1002/
lno.10073.
Coen, L.D., Brumbaugh, R.D., Bushek, D., Grizzle, R., Luckenbach, M.W., Posey, M.H.,
Powers, S.P., Tolley, S.G., 2007. Ecosystem services related to oyster restoration. Mar.
Ecol. Prog. Ser. 341, 303–307. https://doi.org/10.3354/meps341303.
Cole, M., Galloway, T.S., 2015. Ingestion of nanoplastics and microplastics by paciﬁc
oyster larvae. Environ. Sci. Technol. 49, 14625–14632. https://doi.org/10.1021/acs.
est.5b04099.
Davidson, K., Dudas, S.E., 2016. Microplastic ingestion by wild and cultured manila clams
(venerupis philippinarum) from baynes sound, British columbia. Arch. Environ.
Contam. Toxicol. 71, 147–156. https://doi.org/10.1007/s00244-016-0286-4.
De Witte, B., Devriese, L., Bekaert, K., Hoﬀman, S., Vandermeersch, G., Cooreman, K.,
Robbens, J., 2014. Quality assessment of the blue mussel (Mytilus edulis): comparison between commercial and wild types. Mar. Pollut. Bull. 85, 146–155. https://doi.
org/10.1016/j.marpolbul.2014.06.006.
Doyle, M.J., Watson, W., Bowlin, N.M., Sheavly, S.B., 2011. Plastic particles in coastal
pelagic ecosystems of the Northeast Paciﬁc ocean. Mar. Environ. Res. 71, 41–52.
https://doi.org/10.1016/j.marenvres.2010.10.001.
Ehrich, M.K., Harris, L.A., 2015. A review of existing eastern oyster ﬁltration rate models.
Ecol. Model. 297, 201–212. https://doi.org/10.1016/j.ecolmodel.2014.11.023.
Eriksson, C., Burton, H., 2009. Origins and biological accumulation of small plastic particles in Fur seals from macquarie island. AMBIO A J. Hum. Environ. 32, 380–384.
https://doi.org/10.1579/0044-7447-32.6.380.
Frère, L., Paul-Pont, I., Rinnert, E., Petton, S., Jaﬀré, J., Bihannic, I., Soudant, P., Lambert,
C., Huvet, A., 2017. Inﬂuence of environmental and anthropogenic factors on the
composition, concentration and spatial distribution of microplastics: a case study of
the Bay of Brest (Brittany, France). Environ. Pollut. 211–222. https://doi.org/10.
1016/j.envpol.2017.03.023.
Grabowski, J.H., Brumbaugh, R.D., Conrad, R.F., Keeler, A.G., James, J., Peterson, C.H.,
Piehler, M.F., Sean, P., Smyth, A.R., 2012. Economic valuation of ecosystem services
provided by oyster reefs. Bioscience 62, 900–909. https://doi.org/10.1525/bio.2012.
62.10.10.
Green, D.S., 2016. Eﬀects of microplastics on European ﬂat oysters, Ostrea edulis and
their associated benthic communities. Environ. Pollut. 216, 95–103. https://doi.org/
10.1016/j.envpol.2016.05.043.

8

Marine Pollution Bulletin 150 (2020) 110672

C. Keisling, et al.

81, 55–60. https://doi.org/10.1016/j.marpolbul.2014.02.020.
Shim, W.J., Hong, S.H., Eo, S.E., 2017. Identiﬁcation methods in microplastic analysis: a
review. Anal. Methods 9, 1384–1391. https://doi.org/10.1039/c6ay02558g.
Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Rani, M., Lee, J., Shim, W.J., 2015. A
comparison of microscopic and spectroscopic identiﬁcation methods for analysis of
microplastics in environmental samples. Mar. Pollut. Bull. 93, 202–209. https://doi.
org/10.1016/j.marpolbul.2015.01.015.
Southworth, M., Harding, J.M., Wesson, J.A., Mann, R., 2010. Oyster ( Crassostrea virginica , gmelin 1791) population dynamics on public reefs in the great wicomico
river, Virginia, USA. J. Shellﬁsh Res. 29, 271–290. https://doi.org/10.2983/035.029.
0202.
Su, L., Cai, H., Kolandhasamy, P., Wu, C., Rochman, C.M., Shi, H., 2018. Using the Asian
clam as an indicator of microplastic pollution in freshwater ecosystems. Environ.
Pollut. 234, 347–355. https://doi.org/10.1016/j.envpol.2017.11.075.
Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M.E.J., Le Goïc,
N., Quillien, V., Mingant, C., Epelboin, Y., Corporeau, C., Guyomarch, J., Robbens, J.,
Paul-Pont, I., Soudant, P., Huvet, A., 2016. Oyster reproduction is aﬀected by exposure to polystyrene microplastics. Proc. Natl. Acad. Sci. 113, 2430–2435. https://
doi.org/10.1073/pnas.1519019113.
Vermeiren, P., Muñoz, C.C., Ikejima, K., 2016. Sources and sinks of plastic debris in estuaries: a conceptual model integrating biological, physical and chemical distribution
mechanisms. Mar. Pollut. Bull. 113, 7–16. https://doi.org/10.1016/j.marpolbul.
2016.10.002.
Waite, H.R., Donnelly, M.J., Walters, L.J., 2018. Quantity and types of microplastics in
the organic tissues of the eastern oyster Crassostrea virginica and Atlantic mud crab
Panopeus herbstii from a Florida estuary. Mar. Pollut. Bull. 129, 179–185. https://
doi.org/10.1016/j.marpolbul.2018.02.026.
Weather Underground n.d.. https://www.wunderground.com/.
Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts of microplastics
on marine organisms: a review. Environ. Pollut. 178, 483–492. https://doi.org/10.
1016/j.envpol.2013.02.031.

Bull. 115–119. https://doi.org/10.1016/j.marpolbul.2016.11.056.
Nelson, K.A., Leonard, L.A., Posey, M.H., Alphin, T.D., Mallin, M.A., 2004. Using transplanted oyster (Crassostrea virginica) beds to improve water quality in small tidal
creeks: a pilot study. J. Exp. Mar. Biol. Ecol. 298, 347–368. https://doi.org/10.1016/
S0022-0981(03)00367-8.
Nordstrom, K.F., Jackson, N.L., 2012. Physical processes and landforms on beaches in
short fetch environments in estuaries, small lakes and reservoirs: a review. Earth Sci.
Rev. 111, 232–247. https://doi.org/10.1016/j.earscirev.2011.12.004.
Oliveira, M., Ribeiro, A., Hylland, K., Guilhermino, L., 2013. Single and combined eﬀects
of microplastics and pyrene on juveniles (0+ group) of the common goby
Pomatoschistus microps (Teleostei, Gobiidae). Ecol. Indicat. 34, 641–647. https://
doi.org/10.1016/j.ecolind.2013.06.019.
Rochman, C.M., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., Athey, S.,
Huntington, A., McIlwraith, H., Munno, K., De Frond, H., Kolomijeca, A., Erdle, L.,
Grbic, J., Bayoumi, M., Borrelle, S.B., Wu, T., Santoro, S., Werbowski, L.M., Zhu, X.,
Giles, R.K., Hamilton, B.M., Thaysen, C., Kaura, A., Klasios, N., Ead, L., Kim, J.,
Sherlock, C., Ho, A., Hung, C., 2019. Rethinking microplastics as a diverse contaminant suite. Environ. Toxicol. Chem. 38, 703–711. https://doi.org/10.1002/etc.
4371.
Rochman, C.M., Hoh, E., Kurobe, T., Teh, S.J., 2013. Ingested plastic transfers hazardous
chemicals to ﬁsh and induces hepatic stress. Sci. Rep. 3. https://doi.org/10.1038/
srep03263.
Rohweder, J., Rogala, J.T., Johnson, B.L., Anderson, D., Clark, S., Chamberlin, F., Potter,
D., Runyon, K., 2012. Application of Wind Fetch and Wave Models for Habitat
Rehabilitation and Enhancement Projects – 2012 Update. In: Contract report prepared for U.S. Army Corps of Engineers’ Upper Mississippi River Restoration –
Environmental Management Program, pp. 52.
RStudio Team, 2016. RStudio (1.1.419). Integrated Development for R. RStudio, Inc.,
Boston, MA.
Sadri, S.S., Thompson, R.C., 2014. On the quantity and composition of ﬂoating plastic
debris entering and leaving the Tamar Estuary, Southwest England. Mar. Pollut. Bull.

9

