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• Collected intertidal microplastics from a
coastal beach every 1 to 2 days for 17
days.

• Microplastic abundance varied over 20-
fold during the 17-day sampling period.

• Nearly 2.5-fold difference in microplastic
abundance observed over 24 h.

• Wind direction had greatest effect on
microplastic abundance and variability.

• First study of short-term spatiotemporal
microplastic variability in US estuary.
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Microplastics (<5 mm) are well documented across shorelines worldwide; however, high variability in microplastic
abundance is often observed within and among field studies. The majority of microplastic surveys to date consist of
single sampling events that do not consider spatiotemporal variability as a potential confounding factor in the interpre-
tation of their results. Therefore, these surveys may not accurately capture or reflect levels of microplastic contamina-
tion in the environment. Here, we provide the first investigation of small-scale spatial and temporal variability of
microplastic abundance, distribution, and composition in the intertidal zone of an urbanized US estuary to better un-
derstand the short-term, daily spatiotemporal variability of microplastics in dynamic coastal environments. Intertidal
sediment was collected from both the low and high intertidal zones of a sandy estuarine beach located in South Car-
olina, southeastern US every 1 to 2 days at low tide over 17 days (12 sampling events; total n = 72). Study-wide,
microplastic abundance ranged from 44 to 912microplastics/m2 and consisted primarily of polyethylene, nylon, poly-
ester, and tire (or tyre) wear particles. High temporal variability was observed, with microplastic abundance differing
significantly among sampling events (p= 0.00025), as well as among some consecutive tidal cycles occurring within
12 h of each other (p= 0.007). By contrast, low spatial variability was observed throughout the study with no signif-
icant differences in microplastic abundance detected between the low and high intertidal zones (p= 0.76). Of the en-
vironmental factors investigated, wind direction on the day of sampling had the greatest effect on temporal
microplastic variability. Our results demonstrate that there can be significant temporal variability of microplastic
abundance in estuarine intertidal sediments and are important for informing the methods and interpretation of future
microplastic surveys in dynamic coastal environments worldwide.
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1. Introduction

In coastal communities, the mismanagement of plastic waste results in
an estimated annual input of 4.8 to 12.7 million metric tons of plastic to
the world's oceans (Jambeck et al., 2015). Currently, plastic waste is the
most abundant ocean contaminant, constituting 80 to 85 % of marine de-
bris (Auta et al., 2017). This plastic waste can be classified by size and in-
cludes macroplastic (>20 mm), mesoplastic (5–20 mm), and microplastic
(<5 mm) (Barnes et al., 2009). The majority of plastic particles (92.4 %)
in the ocean are microplastics (Eriksen et al., 2014). Microplastics are con-
sidered contaminants of emerging concern (CECs) because they occupy the
same size fraction as the plankton and sediments in aquatic habitats, mak-
ing them bioavailable to a wide range of organisms (Wright et al., 2013a).

Microplastics can be of primary or secondary origin and can enter the
environment through both point and non-point sources. Primary
microplastics aremanufactured to bemicroscopic and are used for a variety
of industrial and domestic applications including personal care products,
pharmaceutical vectors, air-blasting media, and plastic pre-production pel-
lets (Auta et al., 2017). Primary microplastics enter the environment di-
rectly through industrial outfall, municipal wastewater treatment plant
effluent, and accidental spillage. In contrast, secondary microplastics result
from the fragmentation of larger plastic items as they degrade (Weinstein
et al., 2020). This degradation is a consequence of prolonged exposure to
ultraviolet (UV) light, physical abrasion from sediment and wave action, and
biological degradation (Browne et al., 2007). In this way, secondary
microplastics can enter the environment indirectly as plastic litter degrades
over time and constitute the majority of coastal microplastic debris
(Jambeck et al., 2015;Weinstein et al., 2019). Because of these various sources
of input, microplastics are a heterogeneous mixture of synthetic particles that
vary in size (<5 mm), shape, color, density, and polymer composition.

These numerous sources of input have also facilitated the exponential
accumulation and widespread distribution of microplastics in the coastal
environment. Globally, microplastic abundance in coastal surface waters
ranges from 2.8 × 10−5 microplastics/L in the Tamar Estuary, UK (Sadri
and Thompson, 2014) to 30.8 ± 12.1 microplastics/L (mean ± SD) in
Winyah Bay, South Carolina, US (Gray et al., 2018). In coastal intertidal
sediments, abundance ranges from 13.2 ± 2.96 microplastics/m2 (mean
± SE) in Mobile Bay, Alabama, US (Wessel et al., 2016) to 5595 ±
27,417 microplastics/m2 (mean ± SD) in the Pearl River Estuary, Hong
Kong (Fok and Cheung, 2015). Once in the environment, microplastics
may be consumed intentionally (Graham and Thompson, 2009) or acciden-
tally (de Sá et al., 2015) by aquatic organisms, leading to adverse effects
such as gut blockage, internal abrasion, inflammation, and mortality
(Browne et al., 2008; Détrée and Gallardo-Escárate, 2017; Gray and
Weinstein, 2017; Leads et al., 2019; Von Moos et al., 2012; Lei et al.,
2018;Wright et al., 2013a;Wright et al., 2013b). In addition, these particles
may accumulate within marine food webs due to trophic transfer and
biomagnification (Au et al., 2017). The bioavailability of microplastics to
various aquatic organisms is influenced by their size, density, color, and
abundance in the environment (Wright et al., 2013a). For this reason, it is
important to accurately quantify and monitor the level of microplastic con-
tamination in the environment to properly assess exposure and risk.

While microplastics have been quantified in coastal surface waters and
sediments worldwide, high variability in abundance is observed within and
among studies (reviewed by Akdogan and Guven, 2019 and Underwood
et al., 2017). In addition, the majority of microplastic surveys to date consist
of single sampling events and do not quantify spatial and temporal variability
as potential confounding factors in the interpretation of their results
(e.g., Kaliszewicz et al., 2020; Pan et al., 2019; Pojar et al., 2021; Xiong
et al., 2019). On a large scale, some of this variability can be influenced by
geographic differences in urbanization and land use, and seasonal changes
in precipitation and hydrology (de Carvalho et al., 2021; McEachern et al.,
2019; Quesadas-Rojas et al., 2021; Rasta et al., 2021; Tsang et al., 2020).
However, few studies have investigated microplastic variability on smaller
spatial and temporal scales, such as daily changes in microplastic abundance
within a single sample site. Transient environmental conditions such as wave
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height, wind direction, tidal height, and surface currents may influence
microplastic abundance, contributing to daily variability (Forsberg et al.,
2020; Moreira et al., 2016). For example, in a study on Vavvaru Island in
the Maldives archipelago, Imhof et al. (2017) reported a 40-fold difference
in daily microplastic abundance in intertidal sediments over 7 consecutive
days. Similarly, Carvalho et al. (2021) reported highly variable microplastic
concentrations ranging from0.6±2.5 particles/m2 to 1059.3±1385.6 par-
ticles/m2 over a 13-day sampling period on the island of Fernando de
Noronha off the coast of Brazil. Together, these studies suggest that
microplastic surveys comprised of single sampling events may not accurately
represent microplastic abundance, distribution, and composition. To better
understand the magnitude and drivers of microplastic variability in coastal
environments, the present study investigated the small-scale spatial and tem-
poral microplastic variability within intertidal sediments of the Charleston
Harbor estuary, located in South Carolina along the southeastern coast of
the US. The present study is the first to investigate this short-term, daily var-
iability inmicroplastic abundance, distribution, and composition in the inter-
tidal zone of an urbanized US estuary.

Specifically, we collected sediments from the low intertidal zone and
high intertidal zone of a small sandy beach in Charleston Harbor every 1
to 2 days over a 17-day sampling period. Over this short time scale, we
quantified the abundance of microplastics in sediments and analyzed
changes in microplastic abundance, spatial distribution, and particle com-
position. We also investigated the environmental factors and physical
drivers that may be influencing microplastic variability within the estuary
such as tidal height, precipitation, wind speed, wind direction, and wave
height. Quantifying short term microplastic variability and determining
the physical drivers impacting variability is important for accurately
assessing the level of microplastic contamination at a given site. This infor-
mation is crucial for designing comprehensive sampling surveys in coastal
environments worldwide, optimizing sampling methods, and for properly
evaluating risk to coastal ecosystem health.

2. Materials and methods

2.1. Study site and sampling design

CharlestonHarbor is a partiallymixed coastal plain estuary located on the
southeastern coast of the United States (US). This ebb-dominant estuary is an
inlet of the Atlantic Ocean and experiences semidiurnal tides with a tidal
range of 1.4 m (Dame et al., 2000). The estuary receives freshwater input
from 3 large rivers (Ashley River, Cooper River, Wando River) and is domi-
nated by salt marsh, mudflat, and sandy beach habitats. As a large urban es-
tuary and the deepest port in the southeastern US, Charleston Harbor has a
surrounding population of 411,406 (Charleston County; US Census Bureau,
2019) and supports numerous industries including shipping, commercial
manufacturing, tourism, and recreational and commercial fishing.

Daniel Island (Fig. 1) is located in Charleston Harbor at the confluence
of the Cooper and Wando rivers and has a land area of approximately 16
km2. The island contains primarily residential properties, and the southern
portion of the island (including the area sampled in the present study) was
developed from dredge spoils. The Daniel Island study site consisted of a
175 m stretch of isolated sandy beach (32° 49′ 08.9″ N, 79° 54′ 58.1″ W;
Fig. 1) and was accessed by boat. Sampling occurred every 1 to 2 days be-
tween 12 March (full moon) to 28 March (new moon) 2017 (12 total sam-
pling events; Table 1). The sampling schedule was determined by the
semidiurnal tidal cycle in Charleston Harbor which experiences 2 high
tides and 2 low tides per day. Samples were collected at low tide ±1 h to
allow for adequate sampling time while intertidal sediments were exposed,
and samples were only collected during the low tides occurring within day-
light hours. On days where 2 low tides occurred during daylight hours (17
March and 19 March), the beach was sampled twice (approximately 12 h
apart). During each sampling event, a 100 m horizontal transect was estab-
lished on the shoreline using a transect tape. Three equidistant vertical tran-
sects were then established from the water line to the most recent high tide
line. To distinguish the low intertidal zone from the high intertidal zone,



Fig. 1.A) The Daniel Island study site (32° 49′ 08.9″N, 79° 54′ 58.1″W; black box onmap) locatedwithin the CharlestonHarbor estuary (Charleston, South Carolina; inset red
circle) on the southeastern coast of the United States. B) Satellite image of the study site which consisted of a 175 m stretch of isolated sandy beach (white box). C) Ground-
level image of the Daniel Island study site.
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the distance from the water line to the most recent high tide line was mea-
sured and divided in half. Quadrats (0.25 m × 0.25 m) were placed along
the length of each vertical transect within the low intertidal zone and high
intertidal zone using a random number generator. From each of the 3 verti-
cal transects, intertidal sediment was collected from 1 quadrat within the
low intertidal zone (total n = 3) and 1 quadrat within the high intertidal
zone (total n = 3). Therefore, a total of 6 intertidal sediment samples
were collected during each of the 12 sampling events, resulting in a study
total of 72 samples collected over a 17-day period.

The top 2 cm of sediment was removed from each quadrat using a
stainless-steel trowel. The sediment was then placed into a stainless-steel
bucket and weighed using a portable digital scale. The wet weight (ww)
of collected sediment ranged from 2.783 to 8.193 kg with a mean ± SD
of 4.60 ± 1.16 kg. Microplastics were extracted from intertidal sediments
on site using a sodium chloride density separation (1.16 ± 0.01 g/mL) as
previously described (Leads and Weinstein, 2019). Given the density of
this hypersaline solution, low-density polymers such as polyethylene, poly-
styrene, and polypropylene were most likely to be extracted while higher
Table 1
March 2017 sampling dates. Twelve sampling events occurred at low tide±1h. The time
collected twice on days where two low tides occurred during daylight hours (17March an
on the day of sampling is represented by mean lower low water (MLLW). Tidal height at
Precipitation represents the amount of precipitation received on the day prior to samplin
for the day of sampling. Wind direction is reported as the direction from which the wind
theNOAATides and Currents database for station 8665530 (tidesandcurrents.noaa.gov);
SC (weather.gov/chs/climate); the NOAA National Data Buoy Center for station CHTS1
41004 (sailflow.com).

Sampling
date

Sampling
time

Tide MLLW at sampling
(m)

Tide prior MHHW
(m)

Prec
(cm)

12 March 14:56 −0.15 0.01 0.0
14 March 16:13 −0.07 −0.08 0.83
16 March 17:24 0.07 −0.23 0.0
17 March 06:01/18:00 0.10/0.14 −0.15/−0.31 0.0
19 March 07:31/19:24 0.24/0.24 −0.25/−0.43 0.0
20 March 08:24 0.28 −0.29 0.0
22 March 10:19 0.24 −0.28 0.02
24 March 12:04 0.07 −0.15 0.0
26 March 13:38 −0.13 −0.01 0.0
28 March 15:07 −0.27 0.05 0.0
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density polymers such as polyvinyl chloride and polyethylene terephthalate
may have been excluded (Leads and Weinstein, 2019). Following the den-
sity separation procedure, the extraction solution was poured through
stainless-steel nested sieves with standard mesh sizes of 500, 150, and 63
μm. The surface of each sieve was then rinsed into 250 mL wide-mouth
amber glass jars. After transporting back to the laboratory, samples were
treated with 10 mL of 30 % H2O2 (Fisher Chemical) and incubated at
room temperature for 1 week to digest natural organic material (Nuelle
et al., 2014). Prior to microplastic identification, each sample was rinsed
onto a 38 μm stainless-steel sieve and poured into a clear glass crystallizing
dish for examination.

2.2. Microplastic identification

Suspected microplastics were first visually identified and enumerated
using a stereomicroscope according to the criteria developed by Lusher
et al. (2020a). These particles were categorized by size (63–149,
150–499, ≥500 μm), particle type (fragments, fibers, foam, spheres, tire
listed is the time of the low tide duringwhich sampleswere collected. Samples were
d 19March) and data for those days are separated by a slash. Tidal height at low tide
the high tide prior to sampling is represented by mean higher high water (MHHW).
g. Wind direction, average wind speed, and recorded high wave height are provided
is coming in degrees clockwise from north. Environmental data were retrieved from
theNationalWeather Service local climate and data plots for Downtown Charleston,
(ndbc.noaa.gov); and from the forecast archive SailFlow for Charleston-Edisto Buoy

ipitation day prior Wind direction
(degT)

Average wind speed
(m/s)

Wave height high
(m)

11 5.3 2.9
82 294 3.9 2.4

307 2.4 1.2
297/322 2.8 0.7
219/341 4.1 2.3
338 2.0 1.7

54 202 4.5 2.0
38 2.7 1.8
125 2.4 1.4
222 3.4 1.9

Image of Fig. 1
http://sailflow.com
http://sailflow.com
http://sailflow.com
http://sailflow.com
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wear particles), and color (black, blue, colorless, gray, green, red, white,
other) (Hidalgo-Ruz et al., 2012). Tire wear particles (TWP) were included
in this categorization because previous studies in the Charleston Harbor es-
tuary have identified high proportions of these particles among the
microplastic litter (Gray et al., 2018; Leads and Weinstein, 2019). Identifi-
cation of TWPs was determined using the criteria reported by Leads and
Weinstein (2019). Suspected microplastics were also individually evalu-
ated to be plastic particles using the hot needle test as previously described
(Barrows et al., 2017; De Witte et al., 2014; Leads and Weinstein, 2019).
These particles were removed from the samples and archived in 20 mL
clear glass vials for further polymer analysis.

2.3. Particle polymer identification

The polymeric composition of a subsample of isolated particles (n=73;
1.6 % of all particles) was identified using either attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR) using a Nicolet iS20
FTIR with OMNIC software (version 9.12) (Thermo Scientific) or Raman
spectroscopy using a Xplora Plus micro-Raman spectrometer (Horiba Scien-
tific) with LabSpec 6 software (version 6.5). Particle size and shape deter-
mined whether ATR-FTIR or micro-Raman spectroscopy was used.
Particles >500 μm (excluding fibers) were analyzed using ATR-FTIR (n =
41); all others (including all fibers) were analyzed with micro-Raman. Par-
ticles for spectroscopic analysis were chosen using the following criteria: all
particles >500 μm were analyzed using FTIR (n = 41) using a diamond
ATR, whereas an assortment of particles <500 μm from randomly selected
samples were analyzed using micro-Raman spectroscopy. Because of car-
bon black interference, tire wear particles were not analyzed using these
methods (Leads and Weinstein, 2019).

FTIR analyses were conducted at amid-IR range of 400–4000 cm−1 and
a resolution of 4 cm−1 at a rate of 16 scans using a Diamond Smart iTX ATR
accessory. FTIR spectra were compared to the spectra in the OMNICS soft-
ware library set (Hummel polymer library, HR Nicolet Sampler library).
Micro-Raman analyses were conducted using a 785 nm (range 50-3000
cm−1) or 532 nm (range 50–3000 cm−1) laser. Identification used gratings
of 600 or 1200 grooves/mm, 1 or up to 10 s for acquisition time, 2, 4, 6, 8,
or 10 number of accumulations. Spectra were obtained with a confocal slit
width of 100 μm slit and a confocal hole diameter of 100 μm or 300 μm
using a 50× LWD objective with filters ranging from 0.1 to 100 %. Particle
identification from the Raman spectra were compared matched to spectral
library databases (Know it All and ID Expert) (Munno et al., 2020). For both
FTIR and Raman, spectral matches fell between 60 and 99 %.

Particles were classified based upon criteria previously described in
Hamilton et al. (2021) and Klasios et al. (2021). Classifications included
plastic (for particles that a specific plastic polymer type was identified,
e.g., polypropylene, polyester, nylon), natural (for particles identified as
hair, minerals, cellulose), anthropogenic unknown (refers to particles that
produced a spectra that matched with a dye, but no underlying polymer
was identified), anthropogenic synthetic (refers to the detection of a dye,
pigment, or additive used in plastic manufacturing, but no underlying poly-
mer was identified), and anthropogenic cellulosic (for particles where both
an anthropogenic dye or pigment and cellulose were detected). Particles
were classified as unknown if the spectra did not match any in the libraries.

2.4. Quality assurance/quality control

To reduce the potential for plastic contamination in samples, stainless-
steel and glass equipment was used whenever possible in the field and in
the laboratory. White cotton laboratory coats and nitrile gloves were also
worn to process samples in the laboratory. Procedural blanks (n= 50) col-
lected from our laboratory during the time of the current study previously
determined background microplastic levels to be 0.76 ± 0.15
microplastics/blank (Leads andWeinstein, 2019). The extraction efficiency
of the sodium chloride density separation used in the present studywas also
previously determined to be 87 % (Gray et al., 2018). The data reported
herein were not blank corrected.
4

2.5. Statistical analyses

Microplastic abundance in intertidal sediments is reported as
microplastics/m2 and microplastics/kg wet weight (ww). Reported values
represent mean ± standard error (SE) unless otherwise noted. Statistical
analyses ofmicroplastic abundance per unit area (microplastics/m2) reported
herein were corroborated by microplastic abundance normalized by weight
(microplastics/kg ww). For each analysis, data were log10- or log10 (x + 1)-
transformed to meet the assumptions of normality and homogeneity of vari-
ance. To assess microplastic composition, differences in the total number of
microplastics collected in each particle type and size fraction were analyzed
using one-way analyses of variance (ANOVA). Tukey's Honest Significant Dif-
ference (HSD) post-hoc tests were conducted for pairwise comparisons. In ad-
dition, differences inmicroplastic particle and size composition among the 12
sampling eventswere determinedusing two-way repeatedmeasures ANOVA.
To assess spatial distribution, differences in total microplastic abundance be-
tween the low and high intertidal zones and among transects were analyzed
using a two-way ANOVA. In addition, differences in microplastic abundance
between the low and high intertidal zones among sampling events were de-
termined using a two-way repeated measures ANOVA. To assess temporal
variability, differences in total microplastic abundance among sampling
events was analyzed using a one-way repeated measures ANOVA. Total
microplastic abundance among consecutive low tide sampling events on 16
to 17 March and 19 to 20 March were further analyzed using one-way re-
peated measures ANOVA. Pairwise differences were assessed using least
square mean comparisons with Bonferroni adjustment.

To determine the environmental factors potentially contributing to
microplastic variability, we analyzed the effect of tidal height, precipitation,
wind speed, prevailing wind direction, and wave height on microplastic
abundance among sampling events using linear regression analyses
(Table 1 and Table S1). Tide prediction data for each sampling date was re-
trieved from the National Oceanic and Atmospheric Administration
(NOAA) Tides and Currents database (tidesandcurrents.noaa.gov; National
Oceanic and Atmospheric Administration, 2017a) for station 8665530.
Tidal height is reported formean lower lowwater (MLLW) at the time of sam-
pling and for mean higher high water (MHHW) at the high tide preceding
sampling (Table 1). Precipitation data were retrieved from the National
Weather Service local climate and data plots for downtown Charleston, SC
(weather.gov/chs/climate; National Weather Service, 2017) (Table 1 and
Table S1). Precipitation levels on the day prior to sampling are listed in
Table 1 and precipitation levels on the day of sampling are listed in
Table S1. Wind direction, wind speed, and wave height were retrieved
from NOAA's National Data Buoy Center for station CHTS1 (ndbc.noaa.gov;
National Oceanic and Atmospheric Administration, 2017b) and from the
forecast archive SailFlow (sailflow.com; SailFlow, 2017) for Charleston-
Edisto Buoy 41004. Wind direction (degT) is reported as the direction from
which the wind is coming in degrees (0–360°) clockwise from north, with
0° indicating calm wind conditions and 360° indicating north (toward the
Daniel Island study site). Wind direction, average wind speed, recorded
high wind speed, recorded low wind speed, wind gust, recorded high wave
height, and recorded low wave height are reported for the day of sampling
and are provided in Table 1 and Table S1. For these analyses, microplastic
abundance was log10-transformed to meet the assumptions of normality
and homogeneity of variance. The association of each environmental variable
with microplastic abundance across sampling events was analyzed using lin-
ear regression. In addition, the combined effect of environmental variables
most associatedwithmicroplastic abundancewas assessed usingmultiple lin-
ear regression analysis and Akaike Information Criterion (AIC). All statistical
analyses were conducted in R (RStudio, 1.4.1717).

3. Results

3.1. Microplastic composition

Over the course of the study, a total of 4515 particles were identified
and collected from intertidal sediments. Microplastics were present in

http://tidesandcurrents.noaa.gov
http://weather.gov/chs/climate
http://ndbc.noaa.gov
http://sailflow.com
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every sample collected with concentrations ranging from 44 to 912
microplastics/m2 (2.2 to 65.0 microplastics/kg ww). Study-wide, the num-
ber of microplastics collected within each particle type category differed
significantly (one-way ANOVA, df = 4, F = 213.6, p < 0.00001;
Fig. 2A). The most abundant type of microplastic collected was TWPs
which constituted 34.2 % of total microplastics. Fragments constituted
33.4 % of total microplastics collected. These fragments were a variety of
colors, including blue, green, gray, red, black, and white. Fibers constituted
32.3 % of collected microplastics, the majority of which were blue, black,
and colorless. Foam constituted 0.1% of collected microplastics, the major-
ity of whichwere white. Nomicroplastic sphereswere collected in the pres-
ent study. Among the 12 sampling events, the number of microplastics in
each particle type category varied significantly (repeated measures
ANOVA; effect of particle type category: df = 4, F = 220.1, p < 0.00001;
effect of sampling event: df = 11, F = 4.0, p < 0.00001; Fig. 2B).

In addition, the majority (50.3 %) of microplastics were collected in the
63 to 149 μm size fraction. The 150 to 499 μm and≥500 μm size fractions
constituted 34.7 % and 15.0 %, respectively, of total microplastics col-
lected. Accordingly, significantly more microplastics were collected in the
63 to 149 μm and 150 to 499 μm size fractions than in the ≥500 μm size
fraction (one-way ANOVA, df = 2, F = 39.9, p < 0.00001; Fig. 2C).
While these smaller size fractions were more abundant study-wide, the
Fig. 2. Distribution of microplastic particle types (A–B) and size fractions (C–D) colle
microplastics collected within each particle type category differed significantly study-w
measures ANOVA, p < 0.00001). The number of microplastics collected within each s
and across sampling events (D) (repeated measures ANOVA, p < 0.00001). In panels A
not indicated on panels B and D.
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number of microplastics within each size fraction differed significantly
across the 12 sampling events (repeated measures ANOVA; effect of size
fraction: df = 2, F = 52.6, p < 0.00001; effect of sampling event: df =
11, F = 5.3, p < 0.00001; Fig. 2D). Together, these data show that
microplastic shape and size composition significantly varied among sam-
pling events over the 17-day sampling period.

3.2. Particle polymer identification

Polymeric analysis indicated anthropogenic particles (including plas-
tics) were successfully identified 80.8 % across all types excluding one par-
ticle (1.4 %) which we were not able to chemically identify (classified as
unknown). Plastic particles represented 74.0 % of the identified particles,
while anthropogenic synthetic represented 5.5 % of the particles. A small
percentage of particles were classified as anthropogenic unknown (2.7
%), while no particles were classified as anthropogenic cellulosic. Com-
monly identified plastic polymers included high density polyethylene
(44.4 %), nylon and nylon copolymers (20.4 %), polyethylene (16.7 %),
and polyester (5.6%). Commonly identified anthropogenic dyes and plastic
additives included pyrocatechol violet, Clearstrength, and Fumetrol. Natu-
ral particles comprised 16.4 % of our total analyzed particles, of which 9 of
the 12 particles (75.0 %) were white fragments composed of sodium
cted study-wide (A and C) and across sampling events (B and D). The number of
ide (A) (one-way ANOVA, p < 0.00001) and across sampling events (B) (repeated
ize fraction differed significantly study-wide (C) (one-way ANOVA, p < 0.00001)
and C, different letters indicate significant differences. Pairwise comparisons are

Image of Fig. 2
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chloride or carbonate compositematerial. None of thefibers were classified
as anthropogenic cellulosic and only one fiber as natural (wool),
underscoring the value of the hot needle test in initially distinguishing fi-
bers composed of synthetic materials from those composed of cellulose.

3.3. Spatial distribution

Study-wide, pooled microplastic abundance did not differ significantly
between the low intertidal zone and the high intertidal zone, nor among
transects across the length of the beach (two-way ANOVA; effect of inter-
tidal height: df = 1, F = 0.097, p = 0.76; effect of transect: df = 2, F =
1.00, p = 0.37; Fig. 3A). This uniformity in microplastic distribution was
also observed when analyzed over time. Over the 17-day period,
microplastic abundance did not differ significantly between the low and
high intertidal zones but did differ significantly among sampling events (re-
peated measures ANOVA; effect of intertidal height: df = 1, F= 0.38, p=
0.55; effect of sampling event: df = 11, F = 3.58, p = 0.006; Fig. 3B).
These results indicate that within each sampling event, microplastics
were uniformly distributed throughout the intertidal zone and along the
length of the beach; however, the total abundance of microplastics varied
significantly among these sampling events.

3.4. Temporal variability

Microplastic abundance did not vary significantly with spatial distribu-
tion. Therefore, data within intertidal zones and transects were pooled for
further temporal analyses. Total microplastic abundance differed signifi-
cantly among sampling events (repeated measured ANOVA, df = 11, F =
4.03, p = 0.0002; Fig. 4A). Among the 12 sampling events, average
microplastic abundance ranged from 112.7 ± 19.9 microplastics/m2 on
20 March to 486.7 ± 53.6 microplastics/m2 on 12 March (6.0 ± 0.8 to
23.5± 7.4 microplastics/kg ww). These data show that microplastic abun-
dance varied by an over 20-fold difference during the 17-day sampling pe-
riod. In addition, we observed over a 4-fold difference in microplastic
abundance between the first 2 sampling events on 12 March and 14
March (Fig. 4A).

Similarly, microplastic abundance varied significantly among some
consecutive low tides (~12 h apart; Table 1 and Fig. 4B). Between 16 and
17 March, average microplastic abundance differed significantly across
three consecutive low tide sampling events (repeated measures ANOVA,
Fig. 3.Distribution ofmicroplastics/m2 (mean+SE) collected from the low intertidal zo
sampling events (B). A) Microplastic abundance did not differ significantly between th
ANOVA, p > 0.05). T1 to T3 represent transects 1 through 3 distributed across the leng
low intertidal zone and the high intertidal zone but did differ significantly among sa
effect of sampling event: p = 0.006).
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df = 2, F = 7.2, p = 0.008; Fig. 4B). During this ~24 h period, average
microplastic abundance ranged from a high of 348.7 ± 77.3
microplastics/m2 (19.6 ± 5.1 microplastics/kg ww) on the morning
(AM) of 17 March to a low of 140.8 ± 17.7 microplastics/m2 (7.3 ± 1.2
microplastics/kg ww) on the evening (PM) of 17 March (Fig. 4B). This rep-
resents a nearly 2.5-fold difference in microplastic abundance between
these consecutive low tides. By contrast, microplastic abundance did not
significantly differ across the three consecutive low tide sampling events
occurring between 19 and 20 March (repeated measures ANOVA, df = 2,
F = 1.4, p = 0.29; Fig. 4B). Within this time period, microplastic abun-
dance ranged from a high of 210.0 ± 61.3 microplastics/m2 (12.4 ± 2.8
microplastics/kg ww) on the morning (AM) of 19 March to a low of
112.7 ± 19.9 microplastics/m2 (6.0 ± 0.8 microplastics/kg ww) on the
morning (AM) of 20 March. While not statistically significant in this in-
stance, this range represents a 1.9-fold difference in microplastic abun-
dance among consecutive tidal cycles. Together, these data show the high
potential for variation in microplastic concentration over very short time-
scales (~12 h).

3.5. Environmental factors

To better understand how environmental factors contribute to
microplastic variability, we analyzed the effect of tidal height, precipita-
tion, wind speed, wind direction, and wave height on microplastic abun-
dance among sampling events (Table 1 and Table S1). In addition, we
analyzed the effect of these environmental factors both on the day of sam-
pling and the day before sampling to determine the timeframe in which
weather conditions may most influence microplastic abundance (Table 1
and Table S1). Throughout the study, tidal height ranged from −0.27 to
0.28 m mean lower low water (MLLW) and − 0.43 to 0.05 mean higher
high water (MHHW) (Table 1). Precipitation was minimal for the local
area over the 17-day period with 6 rain events ranging from 0.025 to
1.27 cm, with an average of 0.14 cm (Table 1 and Table S1).Wind direction
varied throughout the study, and average wind speed ranged from 2.0 to
5.3 m/s (Table 1). Wave height ranged from 0.4 to 2.9 m (Table 1 and
Table S1).

Wind direction on the day of sampling had the greatest individual effect
on microplastic abundance across the 12 sampling events (F = 21.8, p <
0.0001, adjusted r2 = 0.23; Fig. 5). Specifically, lower microplastic abun-
dance was generally observed on sampling dates where the prevailing
ne (gray bars) and high intertidal zone (striped bars) across transects (A) and among
e low intertidal zone and the high intertidal zone, nor among transects (two-way
th of the beach. B) Microplastic abundance did not differ significantly between the
mpling events (repeated measures ANOVA, effect of intertidal height: p = 0.55,

Image of Fig. 3


Fig. 4. Microplastic abundance (mean + SE) across all sampling events (A) and among consecutive low tides (B). A) Microplastic abundance differed significantly among
sampling events (repeated measured ANOVA, p = 0.0002). B) Microplastic abundance differed significantly across three consecutive low tide sampling events between
16 and 17 March (repeated measures ANOVA, p = 0.008). Microplastic abundance did not differ significantly across the three consecutive low tide sampling events
between 19 and 20 March (repeated measures ANOVA, p = 0.29). Consecutive tidal cycles are separated by the dashed line.
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wind was oriented south away from Daniel Island (Fig. 5 and Table 1). Ac-
cordingly, wind direction accounted for 23 % of the variation in
microplastic abundance. Usingmultiple linear regression and AIC, the com-
bination of environmental factors most contributing to microplastic varia-
tion included wind direction on the day of sampling, MHHW levels at the
high tide preceding sampling, precipitation levels the day before sampling,
average wind speed on the day of sampling, and high wave height on the
day of sampling (F = 7.2, p < 0.0001, adjusted r2 = 0.31; Table 1). To-
gether, these environmental factors accounted for 31 % of the variation in
microplastic abundance among sampling events.

When analyzed individually, environmental factors associated with
microplastic abundance included tide levels (MLLW at sampling: F = 5.5,
p = 0.02, adjusted r2 = 0.06; MHHW at high tide preceding sampling: F
= 7.7, p = 0.007, adjusted r2 = 0.09); precipitation levels the day before
Fig. 5. Microplastic abundance (mean ± SE) (left Y axis; white squares) collected
from each sampling event and prevailing wind direction (right Y axis; black
triangles) over the 17-day sampling period. Wind direction (degT) is reported as
the direction from which the wind is coming in degrees (0–360°) clockwise from
north, with 0° indicating calm wind conditions and 360° indicating north (toward
the Daniel Island study site). Wind direction on the day of sampling had the
greatest individual effect on microplastic abundance across the 12 sampling
events (linear regression, F = 21.8, p < 0.0001, adjusted r2 = 0.23) with
generally lower microplastic abundance when the wind was oriented away from
the study site.
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sampling (F= 6.5, p= 0.01, adjusted r2= 0.07); and average wind speed
on the day of sampling (F = 4.1, p = 0.04, adjusted r2 = 0.04) (Table 1).
However, the low r2 values of these associations indicate that these environ-
mental factors individually only accounted for 4 to 9 % of variation in
microplastic abundance. The following environmental conditions on the
day of sampling were not associated with microplastic abundance: precipi-
tation on the day of sampling (F = 0.18, p = 0.67, adjusted r2 =−0.01);
high and lowwind speeds (high: F= 0.9, p= 0.34, adjusted r2=−0.001;
low: F= 2.2, p= 0.14, adjusted r2= 0.02); wind gust (F= 0.73, p= 0.4,
adjusted r2=−0.004); and wave height (high height: F= 0.67, p= 0.41,
adjusted r2 = −0.005; low height: F = 0.67, p = 0.41, adjusted r2 =
−0.004) (Table 1 and Table S1). Together, these results suggest that
wind direction was the greatest contributing factor to microplastic abun-
dance among sampling events, and that up to 31 % of variation in
microplastic abundance was influenced by the combination of wind direc-
tion, MHHW levels at the high tide preceding sampling, precipitation levels
the day before sampling, average wind speed on the day of sampling, and
high wave height on the day of sampling.

4. Discussion

The present study investigated the short-term spatial and temporal var-
iability in microplastic abundance and composition within intertidal sedi-
ments of an urban estuary in the southeastern US (Charleston Harbor, SC)
to better understand the magnitude and drivers of microplastic variability
in coastal environments. Here, we show that microplastic abundance in in-
tertidal sediments was highly variable within very short timescales ranging
from 12 to 24 h (Fig. 4). In addition, microplastic composition varied among
sampling events with daily changes in predominant particle types and size
fractions (Fig. 2). Within each sampling event, however, spatial variability
was low and microplastics were similarly distributed within the low and
high intertidal zones and along the length of the beach (Fig. 3). Wind direc-
tion was the greatest individual contributor of microplastic variability, ac-
counting for 23 % of variation in microplastic abundance (Fig. 5). These
results suggest that single sampling events may not accurately reflect the
level of microplastic contamination in the environment or the composition
of predominant microplastics, and that environmental conditions can signifi-
cantly impact survey results and interpretation.

The value of conducting long-term temporal studies with repeated sam-
pling efforts have been demonstrated in previous studies. For example, in a
year-long study ofmicroplastics in subsurfacewater and intertidal sediment
of the Río de la Plata estuary, Argentina, Pazos et al. (2021) determined that

Image of Fig. 4
Image of Fig. 5
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microplastic abundance ranged from 23 to 613 microplastics/m2 in inter-
tidal sediments, with fibers being the dominant microplastic particle type
throughout the year. Similarly, our previous work in the Charleston Harbor
estuary spanning over four years shows how repeated sampling provides in-
sight into the temporal variability of microplastic contamination. For exam-
ple, Gray et al. (2018) documented an average concentration of 1195.7 ±
193.9 microplastics/m2 at Daniel Island with more particles in the 150 to
499 μm size fraction. Fragments (76.2%) and foam (18.9%)were the dom-
inant particles (Gray et al., 2018). In a follow-up study of the same site two
years later, Leads and Weinstein (2019) reported an average of 226.3 ±
45.24 microplastics/m2 with more particles in the 63 to 149 μm range. Fi-
bers (55.0 %) were the dominant particle (Leads and Weinstein, 2019). In
the present study, microplastic concentrations at Daniel Island ranged
from 112.7 ± 19.9 to 486.7 ± 53.6 microplastics/m2 over the 17-day sam-
pling period. In addition, we observed a >4-fold decrease in microplastic
abundance between the first two sampling events on 12 and 14 March.
This decrease was not due to the removal of microplastics from the top
layer of sediment on the first day of sample collection because samples
were collected from different randomly-selected quadrats each day. These re-
sults suggest that microplastic abundance and composition can vary widely
over short timescales, and long-term monitoring is necessary to provide a
broader understanding of microplastic contamination at a given location.

Previous studies have determined that the bioavailability and toxicity of
microplastics to aquatic organisms is a function of concentration, particle
size, particle shape, and polymer type (Gray and Weinstein, 2017;
Lozano-Hernández et al., 2021; Qiao et al., 2019). For example, in the estu-
arine daggerblade grass shrimp (Palaemon pugio), microplastic fibers were
significantly more toxic than spheres or fragments, and particles measuring
93 μm exerted greater toxicity than 11 other size fractions tested (Gray and
Weinstein, 2017). Similarly, ingested fibers have been shown to be more
toxic and induce greater inflammation than fragments or spheres in adult
zebrafish (Danio rerio) (Qiao et al., 2019). In addition, Zimmermann et al.
(2020) showed that chronic exposure to polyvinyl chloride significantly im-
pairedDaphniamagna reproduction compared to polyurethane or polylactic
acid. For these reasons, having an accurate understanding of the concentra-
tion and composition of microplastics in the environment at a given loca-
tion is important for properly assessing exposure, bioavailability, toxicity,
and risk. Over the course of the present study, predominant particle types
were collected in relatively similar proportions. Tire wear particles
(TWPs) constituted 34.2 % of total microplastics, fragments constituted
33.4 %, and fibers constituted 32.3 %. However, the proportion of
microplastics in each particle type varied significantly among individual
sampling events (Fig. 2A and B). Similarly, while microplastics within the
63 to 149 and 150 to 500 μm size fractions were more abundant study-
wide, the number of microplastics within each size fraction differed signif-
icantly across the 12 sampling events (Fig. 2C and D). These results are sim-
ilar to those of Imhof et al. (2017) who reported daily changes in the
concentration and proportion of larger plastic size fractions (1–5 mm and
>5 mm) collected from intertidal beach sediments on Vavvaru Island in
the Maldives archipelago. To our knowledge, however, the present study
is the first to quantify the short-term variability of microplastic shapes
and sizes at such a fine temporal scale. Together, these results show that
in addition to daily changes in microplastic concentration, dynamic coastal
environments can also experience daily changes in predominant
microplastic particle types and size fractions. Accordingly, one-time sam-
pling events may not provide an accurate representation of the level or
type of microplastic contamination and associated environmental risk.

In the present study, the predominant polymer types identifiedwere tire
wear, high density polyethylene, nylon and nylon copolymers, polyethyl-
ene, and polyester. Similarly, other microplastic studies conducted in
Charleston Harbor have reported polymers consisting of nylon, polyester,
polyethylene, polypropylene, polystyrene, polyvinyl alcohol, and tire
wear (Gray et al., 2018; Leads and Weinstein, 2019; Payton et al., 2020).
These previous studies in Charleston Harbor have addressed the sources
and emissions of predominant polymers and othermicroplastics to the estu-
ary. For example, Conley et al. (2019) determined that wastewater
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treatment plants (WWTPs) emit approximately 500 million to 1 billion
microplastics per day to the Charleston Harbor estuary, the majority (>75
%) of which are fibers. While this point source effluent is a contributor of
microplastics to the harbor, themajority of microplastics in CharlestonHar-
bor are secondary microplastics from non-point sources released primarily
through the degradation of larger plastic debris (Conley et al., 2019; Gray
et al., 2018; Kell, 2020; Leads and Weinstein, 2019; Wertz, 2015). For ex-
ample, Wertz (2015) determined that over 7.5 tons of macroplastic litter
are present on the shorelines of Charleston Harbor, consisting mostly of
polyethylene terephthalate, high density polyethylene, polypropylene,
and polystyrene. This debris is primarily associated with recreational land
and water use of the harbor, and previous research in our laboratory deter-
mined that these items can begin degrading and emitting microplastic frag-
ments into the environment in as little as 4 to 8 weeks (Weinstein et al.,
2016; Weinstein et al., 2020). In the present study, we included TWPs in
our analysis because previous research in Charleston Harbor has identified
relatively high proportions of these particles in sediments, surface waters,
and biota throughout the estuary (Battaglia et al., 2020; Blosser, 2022; Gray
et al., 2018; Kell, 2020; Leads and Weinstein, 2019; Parker et al., 2020).
These particles are generated from tire abrasion on roads and have been iden-
tified as an often overlooked, but potentially more toxic component of
microplastic litter (Knight et al., 2020). Previous research in our laboratory
determined that rivers, tidal creeks, and stormwater ponds are substantial
contributors of TWPs and other land-based plastic debris to the harbor
(Kell, 2020; Leads and Weinstein, 2019). Based on this previous research,
the microplastic particle and polymer types collected from intertidal sedi-
ments in the present study likely originated from synthetic fibers released
from WWTPs, commercial and recreational fishing equipment, the degrada-
tion of larger plastic litter, and tire abrasion (Conley et al., 2019; Gray
et al., 2018; Kell, 2020; Leads and Weinstein, 2019; Wertz, 2015).

Sediment contamination tends to have a patchy distribution for a vari-
ety of chemicals (Burton and Johnston, 2010; Mecray and ten Brink,
2000). This patchy distribution has previously been documented for or-
ganic contaminants throughout estuarine sediments in coastal South Caro-
lina (Sanger et al., 1999). By contrast, in the present study, we observed a
relatively uniform distribution of microplastic contamination within the in-
tertidal zone throughout the Daniel Island sampling area (Fig. 3). Similarly,
Gray et al. (2018) reported uniform microplastic distribution within the
low intertidal, high intertidal, high tide, and supralittoral zones of Daniel Is-
land as well as several other sample locations within Charleston Harbor.
The sediment grain size distribution on Daniel Island is relatively similar
between the low and high intertidal zones. These sediments can be classi-
fied as medium to course sands, with an average grain size of 641 ± 252
μm in the low intertidal zone and 418 ± 39.8 μm in the high intertidal
zone (Wertz, 2015). In a study analyzing the association between
microplastic abundance and sediment grain size, Mendes et al. (2021) de-
termined that fine grain sediments such as mud accumulated higher
microplastic concentrations than courser sediments. However, within
each of the courser sediment grain sizes (fine, medium, and course sand),
microplastics were accumulated at similar concentrations (Mendes et al.,
2021). When applied to the present study, these results suggest that the rel-
atively similar grain size distribution throughout the Daniel Island inter-
tidal zone may be one factor contributing to the low spatial microplastic
variability observed at this site.

The level of spatial variability in microplastic abundance varies widely
among studies. Consistent with the present study, Dekiff et al. (2014) re-
ported a homogenous distribution of microplastics throughout beach sedi-
ments of the island of Norderney, Germany. Other studies, however, have
reported significant spatial variability of microplastics in coastal sediments.
For example, Díaz-Jaramillo et al. (2021) observed significantly greater
microplastic accumulation in the upper intertidal zone of estuarine sedi-
ments in the Pampean and north Patagonian regions of Argentina. In addi-
tion to differences in grain size distribution, hydrodynamic processes may
contribute to differences in microplastic spatiotemporal variability within
and among studies. In Charleston Harbor, tides are the primary hydrody-
namic force impacting the estuary, punctuated by daily differences in



R.R. Leads et al. Science of the Total Environment 859 (2023) 160308
wave, wind, and precipitation conditions (Yassuda et al., 2000). Other hy-
drodynamic processes impacting the Daniel Island study site include fluvial
andmarine inputs from the Cooper River,Wando River, and Atlantic Ocean
(Patterson, 1987) (Fig. 1). In the present study, significant temporal vari-
ability in microplastic composition and abundance was observed (Figs. 2
and 4), and short-term differences in hydrodynamic and environmental
processes (e.g., wind conditions) contributed to these differences. Within
individual sampling events, however, daily hydrodynamic conditions
were likely applied evenly across the 175m sample site, potentially contrib-
uting to the low spatial variability observed in the present study. These re-
sults suggest that despite daily differences in hydrodynamic processes and
environmental conditions, microplastics were deposited uniformly
throughout the intertidal zone as tides receded (Stead et al., 2020). Simi-
larly, Dekiff et al. (2014) determined that the environmental factors affect-
ing microplastic accumulation such as wind and water currents were
applied evenly across a 500 m stretch of beach in Norderney Island,
Germany, leading to a homogenous spatial distribution ofmicroplastics. Be-
cause the spatial distribution of microplastics in the present study and pre-
vious studies (Gray et al., 2018) was generally homogenous, future
sampling efforts in CharlestonHarbor should likely be directed at collecting
a greater number of temporal replicates rather than spatial replicates. To-
gether, these results highlight the necessity of conducting preliminary anal-
yses to gain a basic understanding of the spatial and temporal variability at
a study site prior to undertaking a more comprehensive sampling regime.

Several studies have investigated how environmental factors influence
microplastic variability in coastal environments. In controlled laboratory
experiments, Forsberg et al. (2020) showed that microplastic deposition
on beaches is influenced by wave height, wind direction, and particle char-
acteristics such as density and shape. In field studies, those environmental
factors contributing to microplastic variability in intertidal sediments
have varied among locations. For example, Carvalho et al. (2021) deter-
mined that the highly variable microplastic concentrations observed over
a 13-day sampling period on the island of Fernando de Noronha off the
coast of Brazil were primarily due to wind direction and surface currents.
By contrast, Imhof et al. (2017) reported that water currents, waves, and
tidal cycles likely contributed to highmicroplastic variability over 7 consec-
utive days on Vavvaru Island in the Maldives archipelago, while no direct
relationship with wind speed or wind direction was observed. Similarly,
Moreira et al. (2016) also showed that microplastic concentrations in
beach sediments of the Paranaguá estuary in Brazil varied significantly
across several consecutive tidal cycles. In the current study, we deter-
mined that wind direction on the day of sampling had the greatest indi-
vidual effect on microplastic abundance across the 12 sampling events,
with generally lower microplastic abundance observed when the wind
was oriented offshore away from the study site (Fig. 5). These results
are consistent with laboratory experiments and modeling studies
which show that onshore winds can lead to the aggregation of
suspended microplastics near the coastline and subsequent entrainment
of microplastics in coastal sediments, whereas offshore winds can
quickly move suspended microplastics offshore and prevent deposition
(Cohen et al., 2019; Forsberg et al., 2020).

In the present study, multiple linear regression analyses showed that
MHHW levels at the high tide preceding sampling, precipitation levels the
day before sampling, average wind speed on the day of sampling, and
high wave height on the day of sampling could be positively associated
with microplastic abundance and also contributed to microplastic variabil-
ity, but to a lesser extent than wind direction. Like wind direction, wind
speed and wave height can influence the mobilization and transport of
microplastics (Osinski et al., 2020). In surface waters, increased wind
speeds are associated with decreased concentrations of microplastics due
to greater vertical mixing (Kukulka et al., 2012). In beach sediments, how-
ever, increased wind speeds and wave height have been associated with
greater concentrations of microplastics, potentially due to increased turbu-
lence, remobilization, transport, and deposition of suspendedmicroplastics
in the intertidal zone (Forsberg et al., 2020; Kumar and Varghese, 2021;
Osinski et al., 2020). Tidal processes and precipitation events can also
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strongly impact coastal microplastic concentrations. For example, Cohen
et al. (2019) used field measurements and simulations to show that tidal
currents can change surfacewater microplastic concentrations at a given lo-
cation by a factor of 1000 within timespans as short as 30 min. In addition,
Stead et al. (2020) determined that higher tide levels were associated with
greater entrapment of microplastics in estuarine sediments, potentially due
to increased water volume or interaction of microplastics with sediments
and organic matter. Lastly, a number of studies have documented the asso-
ciation between precipitation levels and coastal microplastic concentra-
tions (Antunes et al., 2018; Eo et al., 2018; Liu et al., 2022; Lorenzi et al.,
2021). For example, Antunes et al. (2018) reported increased accumulation
of microplastics in beach sediments along the Portuguese coast during sea-
sons with higher precipitation levels, potentially due to increased river
transport, stormwater discharge, and/or land-based runoff. In the present
study, the combination of wind direction, MHHW levels, precipitation,
wind speed, and wave height accounted for, at most, 31 % of the variation
inmicroplastic abundance,meaning that additional abiotic factorsmay also
be significantly contributing to variation and warrant further investigation.

Changes in land use and source emissions can impact microplastic con-
centration and composition over time (Carvalho et al., 2021; McEachern
et al., 2019; Quesadas-Rojas et al., 2021; Rasta et al., 2021; Tsang et al.,
2020); however, given our knowledge of microplastic sources in Charleston
Harbor, it is likely that the short-term microplastic variability we observed
was primarily due to environmental factors acting on microplastics already
present within the harbor rather than short-term changes in input or emis-
sions. As previously stated, themicroplastics in Charleston Harbor arise pri-
marily from the degradation of larger plastic debris (Conley et al., 2019;
Gray et al., 2018; Kell, 2020; Leads and Weinstein, 2019; Wertz, 2015),
whichwe have shown can begin emitting microplastics after 4 weeks of en-
vironmental exposure (Weinstein et al., 2016; Weinstein et al., 2020).
Therefore, it is unlikely that we would have captured changes in these sec-
ondary microplastic emissions during our 17-day sampling period. In addi-
tion, precipitation was low (0.025–1.27 cm) throughout the 17-day
sampling period and was individually only slightly associated with
microplastic abundance, suggesting that new inputs or increased emissions
from river flow, stormwater discharge, or land-based runoff was likely min-
imal. However, additional research on the potential contribution of short-
term changes in microplastic emissions (both point source and non-point
source) to daily microplastic variability in intertidal sediments is war-
ranted. Several recent reviews have addressed the need and provided rec-
ommendations for the harmonization of methods in microplastic field
sampling (Adomat and Grischek, 2021; Lusher et al., 2020b; Rochman
et al., 2017; Stock et al., 2019). These recommendations depend on the
study question being addressed and often identify the need to detect long-
term spatial and temporal trends for effective microplastic monitoring pro-
grams. However, few reviews discuss the importance of considering short-
term or daily microplastic spatiotemporal variability and the influence of
environmental conditions when sampling. In one study, Adomat and
Grischek (2021) report that 85.1% of the literature they reviewed collected
only single point sediment samples, despite the high potential for spatial
and temporal variability. In addition, Michida et al. (2019) recommend
that sampling should be conducted on days with similar conditions to
limit the influence of environmental sampling conditions on microplastic
survey results. Similarly, guidelines provided by the Joint Group of Experts
on the Scientific Aspects of Marine Environmental Protection recommend
that microplastic sampling should only occur when wave heights are
below 0.5 m and wind force is below 3 on the Beaufort Wind Scale
(GESAMP, 2019). The present study further underscores the importance
of considering these environmental conditions and associated short-term
spatiotemporal variability during microplastic surveys. In addition, our re-
sults highlight the complexity and interplay that various environmental and
hydrodynamic factors have in contributing to the variability observed in
microplastic concentrations in coastal environments. Because this variabil-
ity is likely universal in these dynamic systems, we recommend that future
studies should account for similar factors when collecting and interpreting
microplastic field data.
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5. Conclusion

The present study provides the first analysis of the short-term, daily var-
iability in intertidal microplastic abundance and composition within an ur-
banized estuary of the United States. Our results show that in dynamic
coastal environments, intertidal sediment microplastic concentrations can
vary widely (up to a 20-fold difference) within consecutive tidal cycles
and on very short timescales between 12 and 24 h. Environmental sampling
conditions significantly impacted microplastic abundance and contributed
to daily variability. Over the 17-day sampling period, wind conditions
had the greatest effect on differences in daily microplastic abundance. To-
gether, these results indicate that single sampling events may not accurately
reflect the level ofmicroplastic contamination in the environment or the com-
position of predominant microplastics, and that environmental conditions
can significantly impact survey results and interpretation. For this reason,
small-scale spatiotemporal variability in microplastic abundance and compo-
sition in dynamic coastal environments worldwide should be considered
when designing environmental sampling regimes. These findings are impor-
tant for informing the harmonization of microplastic sampling methodology
and represent important considerations when interpreting the data from
one-time sampling studies in these habitats for exposure and risk assessment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160308.

Disclaimer

The statements, findings, conclusions, and recommendations are those of
the authors and do not necessarily reflect the views of the South Carolina Sea
Grant Consortium or the National Oceanic and Atmospheric Administration.

CRediT authorship contribution statement

Rachel R. Leads: Methodology, Formal analysis, Investigation, Data
curation,Writing – original draft,Writing – review& editing, Visualization.
JohnE.Weinstein: Conceptualization, Methodology, Resources, Writing –
original draft,Writing – review& editing, Supervision, Funding acquisition,
Project administration. Sarah E. Kell: Investigation, Data curation, Writing
– review & editing. Johnathan M. Overcash: Investigation, Writing – re-
view& editing.BonnieM. Ertel: Investigation,Writing – review& editing.
Austin D. Gray: Methodology, Investigation, Writing – review & editing.

Data availability

Data, associated metadata, and calculation tools are available on
figshare, DOI: 10.6084/m9.figshare.20288538

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

The present study was supported by the South Carolina Sea Grant Con-
sortium with National Oceanic and Atmospheric Administration Award
N468 (R/ER-46) and the state of South Carolina.

References

Adomat, Y., Grischek, T., 2021. Sampling and processing methods of microplastics in river
sediments-a review. Sci. Total Environ. 758, 143691.

Akdogan, Z., Guven, B., 2019. Microplastics in the environment: a critical review of current
understanding and identification of future research needs. Environ. Pollut. 254, 113011.

Antunes, J., Frias, J., Sobral, P., 2018. Microplastics on the Portuguese coast. Mar. Pollut. Bull.
131, 294–302.
10
Au, S.Y., Lee, C.M., Weinstein, J.E., van den Hurk, P., Klaine, S.J., 2017. Trophic transfer of
microplastics in aquatic ecosystems: identifying critical research needs. Integr. Environ.
Assess. Manag. 13 (3), 505–509.

Auta, H.S., Emenike, C.U., Fauziah, S.H., 2017. Screening of Bacillus strains isolated from
mangrove ecosystems in Peninsular Malaysia for microplastic degradation. Environ.
Pollut. 231, 1552–1559.

Barnes, D.K., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and fragmentation
of plastic debris in global environments. Philos. Trans. R. Soc. B Biol. Sci. 364 (1526),
1985–1998.

Barrows, A.P., Neumann, C.A., Berger, M.L., Shaw, S.D., 2017. Grab vs. neuston tow net: a
microplastic sampling performance comparison and possible advances in the field.
Anal. Methods 9 (9), 1446–1453.

Battaglia, F.M., Beckingham, B.A., McFee, W.E., 2020. First report from North America of
microplastics in the gastrointestinal tract of stranded bottlenose dolphins (Tursiops
truncatus). Mar. Pollut. Bull. 160, 111677.

Blosser, B.C., 2022. Microplastic Content in Oysters (Crassostrea virginica) From South Caro-
lina, USA. College of Charleston.

Browne, M.A., Galloway, T., Thompson, R., 2007. Microplastic–an emerging contaminant of
potential concern? Integr. Environ. Assess. Manag. 3 (4), 559–561.

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 (13), 5026–5031.

Burton, G.A., Johnston, E.L., 2010. Assessing contaminated sediments in the context of multi-
ple stressors. Environ. Toxicol. Chem. 29 (12), 2625–2643.

Carvalho, J.P., Silva, T.S., Costa, M.F., 2021. Distribution, characteristics and short-term var-
iability of microplastics in beach sediment of Fernando de Noronha Archipelago,Brazil.
Mar. Pollut. Bull. 166, 112212.

Cohen, J.H., Internicola, A.M., Mason, R.A., Kukulka, T., 2019. Observations and simulations
of microplastic debris in a tide, wind, and freshwater-driven estuarine environment: the
Delaware Bay. Environ.Sci.Technol. 53 (24), 14204–14211.

Conley, K., Clum, A., Deepe, J., Lane, H., Beckingham, B., 2019. Wastewater treatment plants
as a source of microplastics to an urban estuary: removal efficiencies and loading per
capita over one year. Water Res.X 3, 100030.

Dame, R., Alber, M., Allen, D., Mallin, M., Montague, C., Lewitus, A., Chalmers, A., Gardner,
R., Gilman, C., Kjerfve, B., Pinckney, J., Smith, N., 2000. Estuaries of the south Atlantic
coast of North America: their geographical signatures. Estuaries 23 (6), 793–819.

de Carvalho, A.R., Garcia, F., Riem-Galliano, L., Tudesque, L., Albignac, M., Ter Halle, A.,
Cucherousset, J., 2021. Urbanization and hydrological conditions drive the spatial and
temporal variability of microplastic pollution in the Garonne River. Sci. Total Environ.
769, 144479.

de Sá, L.C., Luís, L.G., Guilhermino, L., 2015. Effects of microplastics on juveniles of the com-
mon goby (Pomatoschistus microps): confusion with prey, reduction of the predatory per-
formance and efficiency, and possible influence of developmental conditions. Environ.
Pollut. 196, 359–362.

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 be-
tween commercial and wild types. Mar. Pollut. Bull. 85 (1), 146–155.

Dekiff, J.H., Remy, D., Klasmeier, J., Fries, E., 2014. Occurrence and spatial distribution of
microplastics in sediments from Norderney. Environ. Pollut. 186, 248–256.

Détrée, C., Gallardo-Escárate, C., 2017. Polyethylene microbeads induce transcriptional re-
sponses with tissue-dependent patterns in the mussel Mytilus galloprovincialis.
J. Molluscan Stud. 83 (2), 220–225.

Díaz-Jaramillo, M., Islas, M.S., Gonzalez, M., 2021. Spatial distribution patterns and identifi-
cation of microplastics on intertidal sediments from urban and semi-natural SW Atlantic
estuaries. Environ. Pollut. 273, 116398.

Eo, S., Hong, S.H., Song, Y.K., Lee, J., Lee, J., Shim, W.J., 2018. Abundance, composition, and
distribution of microplastics larger than 20 μm in sand beaches of South Korea. Environ.
Pollut. 238, 894–902.

Eriksen, M., Lebreton, L.C., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F.,
Ryan, P.G., Reisser, J., 2014. Plastic pollution in the world's oceans: more than 5 trillion
plastic pieces weighing over 250,000 tons afloat at sea. PloS One 9 (12), e111913.

Fok, L., Cheung, P.K., 2015. Hong Kong at the Pearl River Estuary: a hotspot of microplastic
pollution. Mar. Pollut. Bull. 99 (1–2), 112–118.

Forsberg, P.L., Sous, D., Stocchino, A., Chemin, R., 2020. Behaviour of plastic litter in near-
shore waters: first insights from wind and wave laboratory experiments. Mar. Pollut.
Bull. 153, 111023.

GESAMP, 2019. Guidelines for the monitoring and assessment of plastic litter in the ocean. In:
Kershaw, P.J., Turra, A., Galgani, F. (Eds.), Rep. Stud. GESAMP No. 99. IMO/FAO/
UNESCO-IOC/UNIDO/WMO/IAEA/UN/ UNEP/UNDP/ISA Joint Group of Experts on
the Scientific Aspects of Marine Environmental Protection.

Graham, E.R., Thompson, J.T., 2009. Deposit-and suspension-feeding sea cucumbers
(Echinodermata) ingest plastic fragments. J. Exp. Mar. Biol. Ecol. 368 (1), 22–29.

Gray, A.D., Weinstein, J.E., 2017. Size-and shape-dependent effects of microplastic particles
on adult daggerblade grass shrimp (Palaemonetes pugio). Environ. Toxicol. Chem. 36
(11), 3074–3080.

Gray, A.D., Wertz, H., Leads, R.R., Weinstein, J.E., 2018. Microplastic in two South Carolina
estuaries: occurrence, distribution, and composition. Mar. Pollut. Bull. 128, 223–233.

Hamilton, B.M., Rochman, C.M., Hoellein, T.J., Robison, B.H., Van Houtan, K.S., Choy, C.A.,
2021. Prevalence of microplastics and anthropogenic debris within a deep-sea food
web. Mar. Ecol. Prog. Ser. 675, 23–33.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine en-
vironment: a review of the methods used for identification and quantification. Environ.
Sci.Technol. 46 (6), 3060–3075.

Imhof, H.K., Sigl, R., Brauer, E., Feyl, S., Giesemann, P., Klink, S., Leupolz, K., Löder, M.G.J.,
Löschel, L.A., Missun, J., Muszynski, S., Ramsperger, A.F.R.M., Schrank, I., Speck, S.,
Steibl, S., Trotter, B., Winter, I., Laforsch, C., 2017. Spatial and temporal variation of

https://doi.org/10.1016/j.scitotenv.2022.160308
https://doi.org/10.1016/j.scitotenv.2022.160308
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036468141
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036468141
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036490202
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036490202
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036527497
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036527497
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036548004
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036548004
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036548004
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037065051
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037065051
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037065051
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029085905
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029085905
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029085905
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029093060
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029093060
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029093060
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037131142
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037131142
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037131142
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029109149
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029109149
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037275354
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037275354
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037257134
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037257134
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037257134
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037303801
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037303801
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029151334
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029151334
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029151334
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037454115
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037454115
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037454115
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037516147
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037516147
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037516147
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029204929
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161029204929
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037554734
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037554734
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037554734
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038059607
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038059607
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038059607
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038059607
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038144970
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038144970
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037587081
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161037587081
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038097709
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038097709
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038097709
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038193648
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038193648
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038193648
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038239670
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038239670
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038239670
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030132734
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030132734
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038292397
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038292397
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038337390
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038337390
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038337390
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035398645
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035398645
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035398645
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035398645
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038366511
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038366511
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038406927
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038406927
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038406927
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038445527
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161038445527
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030168900
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030168900
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039009886
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039009886
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039009886
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030371958


R.R. Leads et al. Science of the Total Environment 859 (2023) 160308
macro-, meso- and microplastic abundance on a remote coral island of the Maldives,
Indian Ocean. Mar. Pollut. Bull. 116 (1–2), 340–347.

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 (6223),
768–771.

Kaliszewicz, A., Winczek, M., Karaban, K., Kurzydłowski, D., Górska, M., Koselak, W.,
Romanowski, J., 2020. The contamination of inland waters by microplastic fibres
under different anthropogenic pressure: preliminary study in Central Europe (Poland).
Waste Manag. Res. 38 (11), 1231–1238.

Kell, S., 2020. An Assessment of the Fate And Effects of Tire Wear Particles in Charleston Har-
bor, South Carolina. College of Charleston.

Klasios, N., De Frond, H., Miller, E., Sedlak, M., Rochman, C.M., 2021. Microplastics and other
anthropogenic particles are prevalent in mussels from San Francisco Bay, and show no
correlation with PAHs. Environ. Pollut. 271, 116260.

Knight, L.J., Parker-Jurd, F.N., Al-Sid-Cheikh, M., Thompson, R.C., 2020. Tyre wear particles:
an abundant yet widely unreported microplastic? Environ. Sci. Pollut. Res. 27 (15),
18345–18354.

Kukulka, T., Proskurowski, G., Morét-Ferguson, S., Meyer, D.W., Law, K.L., 2012. The effect of
windmixing on the vertical distribution of buoyant plastic debris. Geophys. Res. Lett. 39 (7).

Kumar, A.S., Varghese, G.K., 2021. Microplastic pollution of Calicut beach-contributing fac-
tors and possible impacts. Mar. Pollut. Bull. 169, 112492.

Leads, R.R., Weinstein, J.E., 2019. Occurrence of tire wear particles and other microplastics
within the tributaries of the Charleston Harbor Estuary, South Carolina, USA. Mar. Pollut.
Bull. 145, 569–582.

Leads, R.R., Burnett, K.G., Weinstein, J.E., 2019. The effect of microplastic ingestion on sur-
vival of the grass shrimp Palaemonetes pugio (Holthuis, 1949) challenged with Vibrio
campbellii. Environ. Toxicol. Chem. 38 (10), 2233–2242.

Lei, L., Wu, S., Lu, S., Liu, M., Song, Y., Fu, Z., Shi, H., Raley-Susman, K.M., He, D., 2018.
Microplastic particles cause intestinal damage and other adverse effects in zebrafish
Danio rerio and nematode Caenorhabditis elegans. Sci. Total Environ. 619, 1–8.

Liu, J., Liu, H., He, D., Zhang, T., Qu, J., Lv, Y., Zhang, Y.N., 2022. Comprehensive effects of
temperature, salinity, and current velocity on the microplastic abundance in offshore
area. Pol. J. Environ. Stud. 31 (2), 1727–1736.

Lorenzi, L., Reginato, B.C., Mayer, D.G., Gentil, E., Pezzin, A.P.T., Silveira, V.F., Dantas, D.V.,
2021. Spatio-seasonal microplastics distribution along a shallow coastal lagoon ecocline
within a marine conservation unit. Mar. Pollut. Bull. 170, 112644.

Lozano-Hernández, E.A., Ramírez-Álvarez, N., Mendoza, L.M.R., Macías-Zamora, J.V.,
Sánchez-Osorio, J.L., Hernández-Guzmán, F.A., 2021. Microplastic concentrations in cul-
tured oysters in two seasons from two bays of Baja California,Mexico. Environ. Pollut.
290, 118031.

Lusher, A.L., Bråte, I.L.N., Munno, K., Hurley, R.R., Welden, N.A., 2020. Is it or isn't it: the im-
portance of visual classification in microplastic characterization. Appl. Spectrosc. 74 (9),
1139–1153.

Lusher, A.L., Munno, K., Hermabessiere, L., Carr, S., 2020. Isolation and extraction of
microplastics from environmental samples: an evaluation of practical approaches and rec-
ommendations for further harmonization. Appl. Spectrosc. 74 (9), 1049–1065.

McEachern, K., Alegria, H., Kalagher, A.L., Hansen, C., Morrison, S., Hastings, D., 2019.
Microplastics in Tampa Bay, Florida: abundance and variability in estuarine waters and
sediments. Mar. Pollut. Bull. 148, 97–106.

Mecray, E.L., ten Brink, M.R.B., 2000. Contaminant distribution and accumulation in the sur-
face sediments of Long Island Sound. J. Coast. Res. 575–590.

Mendes, A.M., Golden, N., Bermejo, R., Morrison, L., 2021. Distribution and abundance of
microplastics in coastal sediments depends on grain size and distance from sources.
Mar. Pollut. Bull. 172, 112802.

Michida, Y., Chavanich, S., Chiba, S., Cordova, M.R., Cózar, C.A., Galgani, F., Hagmann, P.,
Hinata, H., Isobe, A., Kershaw, P., Kozlovskii, N., Li, D., Lusher, A.L., Martí, E., Mason,
S.A., Mu, J., Saito, H., Shim, W.J., Syakti, A.D., Takada, H., Thompson, R., Tokai, T.,
Uchida, K., Vasilenko, K., Wang, J., 2019. Guidelines for Harmonizing Ocean Surface
Microplastic Monitoring Methods. Ministry of the Environment Japan 71 pp.

Moreira, F.T., Prantoni, A.L., Martini, B., de Abreu, M.A., Stoiev, S.B., Turra, A., 2016. Small-
scale temporal and spatial variability in the abundance of plastic pellets on sandy
beaches: methodological considerations for estimating the input of microplastics. Mar.
Pollut. Bull. 102 (1), 114–121.

Munno, K., De Frond, H., O’Donnell, B., Rochman, C.M., 2020. Increasing the accessibility for
characterizing microplastics: introducing new application-based and spectral libraries of
plastic particles (SLoPP and SLoPP-E). Anal. Chem. 92 (3), 2443–2451.

National Oceanic and Atmospheric Administration, 2017a. National Data Buoy Center,
Charleston, Cooper River Entrance, SC, StationCHTS1. Retrieved from the NOAANational
Data Buoy Center website https://www.ndbc.noaa.gov/station_page.php?station=
CHTS1.

National Oceanic and Atmospheric Administration, 2017b. Tides and Currents database,
Charleston, Cooper River Entrance, SC, station ID: 8665530. Retrieved from the NOAA
Tides and Currents website: https://tidesandcurrents.noaa.gov/stationhome.html?id=
8665530.

National Weather Service, 2017. Local climate data and plots, Charleston, SC. Retrieved from
the National Weather Service website: weather.gov/chs/climate.

Nuelle, M.T., Dekiff, J.H., Remy, D., Fries, E., 2014. A new analytical approach for monitoring
microplastics in marine sediments. Environ. Pollut. 184, 161–169.

Osinski, R.D., Enders, K., Gräwe, U., Klingbeil, K., Radtke, H., 2020. Model uncertainties of a
storm and their influence on microplastics and sediment transport in the Baltic Sea.
Ocean Sci. 16 (6), 1491–1507.
11
Pan, Z., Guo, H., Chen, H., Wang, S., Sun, X., Zou, Q., Zhang, Y., Lin, H., Cai, S., Huang, J.,
2019. Microplastics in the Northwestern Pacific: abundance, distribution, and character-
istics. Sci. Total Environ. 650, 1913–1922.

Parker, B.W., Beckingham, B.A., Ingram, B.C., Ballenger, J.C., Weinstein, J.E., Sancho, G.,
2020. Microplastic and tire wear particle occurrence in fishes from an urban estuary: in-
fluence of feeding characteristics on exposure risk. Mar. Pollut. Bull. 160, 111539.

Patterson, G.G., 1987. Effects of the proposed Cooper River rediversion on sedimentation in
Charleston Harbor, South Carolina. Proceedings of the Advanced Seminar on Sedimenta-
tion, August 15-19, 1983, Denver, Colorado. Vol. 953. Department of the Interior, US
Geological Survey, p. 26.

Payton, T.G., Beckingham, B.A., Dustan, P., 2020. Microplastic exposure to zooplankton at
tidal fronts in Charleston Harbor, SC, USA. Estuar. Coast. Shelf Sci. 232, 106510.

Pazos, R.S., Amalvy, J., Cochero, J., Pecile, A., Gomez, N., 2021. Temporal patterns in the
abundance, type and composition of microplastics on the coast of the Río de la Plata es-
tuary. Mar. Pollut. Bull. 168, 112382.

Pojar, I., Stănică, A., Stock, F., Kochleus, C., Schultz, M., Bradley, C., 2021. Sedimentary
microplastic concentrations from the Romanian Danube River to the Black Sea. Sci.
Rep. 11 (1), 1–9.

Qiao, R., Deng, Y., Zhang, S., Wolosker, M.B., Zhu, Q., Ren, H., Zhang, Y., 2019. Accumulation
of different shapes of microplastics initiates intestinal injury and gut microbiota dysbiosis
in the gut of zebrafish. Chemosphere 236, 124334.

Quesadas-Rojas, M., Enriquez, C., Valle-Levinson, A., 2021. Natural and anthropogenic effects
on microplastic distribution in a hypersaline lagoon. Sci. Total Environ. 776, 145803.

Rasta, M., Rahimibashar, M.R., Torabi Jafroudi, H., Fakheri, S., Tagheipour Kouhbane, S.,
Taridashti, F., 2021. Microplastics in sediments of southwest Caspian Sea: characteristics,
distribution and seasonal variability. Soil Sediment Contam. 1–15.

Rochman, C.M., Regan, F., Thompson, R.C., 2017. On the harmonization of methods for mea-
suring the occurrence, fate and effects of microplastics. Anal. Methods 9 (9), 1324–1325.

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. 81 (1),
55–60.

SailFlow, 2017. Forecast archive, Charleston-Edisto Buoy (41004). Retrieved from the
SailFlow website https://sailflow.com/spot/51862.

Sanger, D.M., Holland, A.F., Scott, G.I., 1999. Tidal creek and salt marsh sediments in South
Carolina coastal estuaries: II. Distribution of organic contaminants. Arch. Environ.
Contam. Toxicol. 37 (4), 458–471.

Stead, J.L., Cundy, A.B., Hudson, M.D., Thompson, C.E., Williams, I.D., Russell, A.E.,
Pabortsava, K., 2020. Identification of tidal trapping of microplastics in a temperate salt
marsh system using sea surface microlayer sampling. Sci. Rep. 10 (1), 1–10.

Stock, F., Kochleus, C., Bänsch-Baltruschat, B., Brennholt, N., Reifferscheid, G., 2019. Sam-
pling techniques and preparation methods for microplastic analyses in the aquatic
environment–a review. TrAC Trends Anal. Chem. 113, 84–92.

Tsang, Y.Y., Mak, C.W., Liebich, C., Lam, S.W., Sze, E.T.P., Chan, K.M., 2020. Spatial and tem-
poral variations of coastal microplastic pollution in Hong Kong. Mar. Pollut. Bull. 161,
111765.

Underwood, A.J., Chapman,M.G., Browne,M.A., 2017. Some problems and practicalities in de-
sign and interpretation of samples of microplastic waste. Anal. Methods 9 (9), 1332–1345.

United States Census Bureau, 2019. Census reporter, Charleston County, SC. Retrieved from
Census Reporter website: https://censusreporter.org/profiles/05000US45019-charleston-
county-sc/.

Von Moos, N., Burkhardt-Holm, P., Köhler, A., 2012. Uptake and effects of microplastics on
cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure. Envi-
ron.Sci.Technol. 46 (20), 11327–11335.

Weinstein, J.E., Crocker, B.K., Gray, A.D., 2016. From macroplastic to microplastic: degrada-
tion of high-density polyethylene, polypropylene, and polystyrene in a salt marsh habitat.
Environ. Toxicol. Chem. 35 (7), 1632–1640.

Weinstein, J.E., Viado Jr., H.F., Leads Jr., R.R., Deloughry Jr., E., Schandera Jr., L., Liddy Jr.,
K., Scott Jr., G.I., 2019. Microplastics: a global water pollution problem. Encyclopedia of
Water: Science, Technology, And Society, pp. 1–15 71 pp.

Weinstein, J.E., Dekle, J.L., Leads, R.R., Hunter, R.A., 2020. Degradation of bio-based and bio-
degradable plastics in a salt marsh habitat: another potential source of microplastics in
coastal waters. Mar. Pollut. Bull. 160, 111518.

Wertz, H., 2015. Marine Debris in Charleston Harbor: Characterizing Plastic Particles in the
Field And Assessing Their Effects on Juvenile Clams (Mercenaria mercenaria). College
of Charleston.

Wessel, C.C., Lockridge, G.R., Battiste, D., Cebrian, J., 2016. Abundance and characteristics of
microplastics in beach sediments: insights into microplastic accumulation in northern
Gulf of Mexico estuaries. Mar. Pollut. Bull. 109 (1), 178–183.

Wright, S.L., Rowe, D., Thompson, R.C., Galloway, T.S., 2013. Microplastic ingestion de-
creases energy reserves in marine worms. Curr. Biol. 23 (23), R1031–R1033.

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.

Xiong, X., Wu, C., Elser, J.J., Mei, Z., Hao, Y., 2019. Occurrence and fate of microplastic debris
in middle and lower reaches of the Yangtze River–from inland to the sea. Sci. Total Envi-
ron. 659, 66–73.

Yassuda, E.A., Davie, S.R., Mendelsohn, D.L., Isaji, T., Peene, S.J., 2000. Development of a
waste load allocation model for the Charleston Harbor estuary, phase II: water quality.
Estuar. Coast. Shelf Sci. 50 (1), 99–107.

Zimmermann, L., Göttlich, S., Oehlmann, J., Wagner, M., Völker, C., 2020. What are the
drivers of microplastic toxicity? Comparing the toxicity of plastic chemicals and particles
to Daphnia magna. Environ. Pollut. 267, 115392.

http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030371958
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030371958
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039041538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039041538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039098169
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039098169
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039098169
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036081918
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036081918
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039133944
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039133944
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039133944
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030405399
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030405399
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030405399
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039192226
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039192226
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039224568
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039224568
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039300044
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039300044
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039300044
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039354961
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039354961
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039354961
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030462115
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161030462115
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039388489
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039388489
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039388489
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039427390
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039427390
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031038305
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031038305
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031038305
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039470056
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039470056
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039470056
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039497916
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039497916
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039497916
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039528641
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039528641
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031092573
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031092573
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031126650
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031126650
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031126650
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031337125
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161031337125
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039566538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039566538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039566538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161039566538
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040009035
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040009035
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040009035
https://www.ndbc.noaa.gov/station_page.php?station=CHTS1
https://www.ndbc.noaa.gov/station_page.php?station=CHTS1
https://tidesandcurrents.noaa.gov/stationhome.html?id=8665530
https://tidesandcurrents.noaa.gov/stationhome.html?id=8665530
http://weather.gov/chs/climate
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040033165
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040033165
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040066452
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040066452
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040066452
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040163601
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040163601
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040204176
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040204176
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036310629
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036310629
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036310629
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161036310629
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040266537
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040266537
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040328071
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040328071
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040328071
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161032532136
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161032532136
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161032532136
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040353005
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040353005
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040353005
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040377549
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040377549
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033217681
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033217681
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040405189
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040405189
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033435658
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033435658
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033435658
https://sailflow.com/spot/51862
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040469481
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040469481
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040469481
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033471468
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161033471468
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040527062
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040527062
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040527062
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040552061
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040552061
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040552061
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040580036
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161040580036
https://censusreporter.org/profiles/05000US45019-charleston-county-sc/
https://censusreporter.org/profiles/05000US45019-charleston-county-sc/
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041114758
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041114758
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041114758
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041155563
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041155563
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041155563
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161034416830
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161034416830
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041190498
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041190498
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041190498
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035084647
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035084647
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161035084647
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041240773
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041240773
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041240773
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041257995
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041257995
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041278070
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041278070
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041317851
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041317851
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041317851
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041384570
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041384570
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041384570
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041419874
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041419874
http://refhub.elsevier.com/S0048-9697(22)07408-3/rf202211161041419874

	Spatial and temporal variability of microplastic abundance in estuarine intertidal sediments: Implications for sampling fre...
	1. Introduction
	2. Materials and methods
	2.1. Study site and sampling design
	2.2. Microplastic identification
	2.3. Particle polymer identification
	2.4. Quality assurance/quality control
	2.5. Statistical analyses

	3. Results
	3.1. Microplastic composition
	3.2. Particle polymer identification
	3.3. Spatial distribution
	3.4. Temporal variability
	3.5. Environmental factors

	4. Discussion
	5. Conclusion
	Disclaimer
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




