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Abstract: Microplastics (MPs) are a ubiquitous pollutant, emphasizing the need to understand
their abundance and the factors that influence these patterns around the globe. In a prior study,
high numbers of MPs were found in surface waters and tissues of the oyster Crassostrea virginica
collected from one location in the Indian River Lagoon (IRL, FL, USA). To better understand spatial
and temporal variability of MPs throughout the IRL, for one year, monthly surface water samples
were collected from 35 sites, while oysters were collected quarterly from 12 sites. Microscopy
and ATR-FTIR were used to quantify MP. In total, 3755 MPs were found in 44% of water samples
(mean density ± CI: 1.47 ± 0.09 MP/L). South IRL water had the most MPs, likely associated with
proximity to urbanization, inlets (MP sinks) and tributaries (MP sources). MP (n = 3181) were found
in 70% of examined C. virginica (n = 1402). Abundances of MP in oysters were lower in the spring
and in north IRL. The overall mean abundance was 2.26 ± 0.16 MP/oyster, and the density was
2.43 ± 0.52 MP/g wet tissue weight. Our results provide a more complete picture of MPs in the IRL,
a subtropical, shallow-water estuarine system.

Keywords: citizen-science; Indian River Lagoon; microfiber; Mosquito Lagoon; shellfish restoration

1. Introduction

Plastic is both a common household material and pervasive pollutant despite its rela-
tively short history (e.g., [1–3]). Synthetic plastic was first created by Leo Baekeland in 1907;
mass production of plastic, however, did not begin until the 1950s when a new generation
of plastics (e.g., PVC, polyvinyl chloride; PS, polystyrene; Nylon; PE, polyethylene; PP,
polypropylene; and PET, polyethylene terephthalate) made this feasible [4,5]. Global plastic
production continued to increase, with an estimated 8300 million metric tons (Mt) produced
up to 2015; 79% is now in landfills or the environment, 9% has been recycled, and 12% was
incinerated [6]. In 2015, an estimated 4.8 to 12.7 Mt of plastic debris entered Earth’s oceans
from a myriad of sources, including ship overspill, container wash-off, coastal development
and litter, with a tenfold increase predicted by 2025 [7,8].
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Once in the marine environment, plastics are subject to solar, thermal, mechanical
and biodegradation, which can weaken or fragment the plastics into smaller dimensions
called microplastics (MPs) [9,10]. The National Oceanic and Atmospheric Administration
defines an MP as any plastic object less than or equal to 5 mm in size, but can be further
categorized into two subclasses, primary and secondary MPs [9]. Primary MPs are those
that are manufactured at a small size, whereas secondary MPs form via fragmenting from
a larger plastic object [11]. Primary MPs include microbeads in personal care products
and ‘nurdles’, raw material formed into small pellets for easy transport that are used to
make larger plastic items [12,13]. Secondary MPs include fibers, fragments, foams, and
films which vary in shape, depending on how they are formed [11]. Oceanic MPs are
predominantly textile fibers (35%), fragments associated with city dust (24%), pieces of tires
(28%), or nurdles/beads (3% [7]). Fibers are especially common in estuaries and coastal
waters [14]. For example, Simon-Sanchez et al. [15] found fibers were the most abundant
type (70%) of MP in the Ebro Delta estuary in Spain. Luo et al. [16] documented similar
dominance of microfibers (80%) in coastal waters in the Shanghai area and found that MP
abundance increased closer to the city.

Plastic ingestion in marine biota has been documented in hundreds of species at
varying trophic levels (e.g., [17,18]). Species of particular interest are filter-feeders such
as oysters, clams, and mussels [14,19–21]. The eastern oyster, Crassostrea virginica, is an
estuarine species along the western Atlantic seaboard known to ingest MPs and negative
impacts on its physiology have been reported [22]. To feed, many shellfish species extract
particulate matter from the water, encase it in mucous, and then either reject or digest
the particles. If rejected, the material is excreted as pseudofeces. If accepted, the material
is brought to the mouth opening, passed through the digestive tract, and any remainder
is excreted as feces [23]. MPs have been found in both the feces and pseudofeces of
C. virginica [21]. Additionally, MP ingestion in Crassostrea has been documented to reduce
reproductive success (e.g., [24]) as well as reduce growth and survival [22].

Microplastics are a ubiquitous pollutant in the marine environment and a potential
risk to marine biota, emphasizing the need to understand MP abundance and the factors
that influence these patterns in marine systems. Microplastics are transported through
coastal systems by a dynamic series of forces such as rain, wind, freshwater discharge,
waves, tides, salinity gradients, surface drift, biofouling, and storm events [25,26]. All
of these variables can create seasonal trends in MP abundances (e.g., [27]). Identifying
what factors influence MP abundances in hydrologically complex coastal landscapes is a
defined research gap in the MPs field [28]. Our research goal is to understand spatial and
temporal patterns of MPs in surface waters of the Indian River Lagoon system that spans
251 km along the east coast of central Florida, USA. Additionally, we examine spatial and
temporal patterns of MPs in tissues of C. virginica to better understand how this keystone,
filter-feeding species has been impacted by anthropogenic MP pollution. To broaden our
impact on the IRL community, we worked with citizen-scientists along the length of the
IRL to collect and process samples after extensive training.

2. Methodology
2.1. Study Location

Our focal area is Florida’s largest lagoon, the Indian River Lagoon (IRL), which spans
40% of Florida’s east coast from Ponce de Leon Inlet in the north (29.075898◦ N, 80.917571◦ W)
to Jupiter Inlet in the south (26.944768◦ N, 80.073952◦ W). The IRL is a bar-built lagoon that
has limited water exchange through five inlets and is hydrologically complex [29–31]. Four
of the five inlets within the lagoon, Ponce de Leon, Sebastian, Ft Pierce, and St Lucie, were
included within the defined boundaries of this study. The IRL falls within the boundaries of
Volusia, Brevard, Indian River, St. Lucie, Martin, and Palm Beach counties. IRL water (hereafter
lagoon water) flows through three interconnected water bodies: Mosquito Lagoon, Indian
River, and Banana River, has an average depth of 1.2 m [29]. Saltwater influx comes from the
Atlantic Ocean through inlets, while freshwater input is predominantly from rainfall, discharge,
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and runoff from nearby land [29]. Currents, tides, and circulation patterns are influenced by
factors dependent on location from the nearest inlet; areas closer to inlets have a larger tidal
influence while stretches between inlets are primarily driven by wind and freshwater input [29].
This research is focused on IRL oysters and their surrounding waters because C. virginica has
long been harvested for human consumption and there are long-term efforts to restore these
oyster populations (e.g., [32]) for the ecological benefits they provide for fishes [33,34], wading
birds [35], and aquatic invertebrates [36,37].

2.2. Sample Collection and Citizen Science

Lagoon water was collected from the IRL over a 12-month sampling period, between
March 2019 and February 2020. Water was collected once per month from 35 sites that
extended the length of the IRL. All sites were accessible from shore and on public lands
(Figure 1, Table 1). Each month, lagoon water samples from all sites were collected within
a 4-day time period to limit temporal variation. At each site, five replicate 1 L surface
lagoon water samples were collected using a discrete sampling protocol [38,39]. Sample
bottles were triple-rinsed in 0.45 µm filtered deionized water in the laboratory, and then
again with lagoon water upon site arrival to remove any existing contamination. Bottle
rinsing occurred at least 10 m away from the sample collection location. Rinsed bottles were
partially submerged to collect the top 5 cm of lagoon water and capped while submerged.
At each site, abiotic parameters of air and water temperature were recorded using a
thermometer (◦C), salinity using a refractometer (ppt), and mean wind speed using an
anemometer (km/h). Samples were transported back to laboratories and kept at room
temperature (20 ◦C) through completion of processing.
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Table 1. Indian River Lagoon water sampling sites from north to south.

Site No. Site Name Abbreviation Region Latitude Longitude

1 Smyrna Dunes Park SDP N 29.063822 −80.915744
2 Marine Discovery Center MDC N 29.030158 −80.917641
3 River Breeze Park RBP N 28.898601 −80.85174
4 CANA Boat Ramp CANAB N 28.934251 −80.829475
5 CANA Parking Lot #5 CANA5 N 28.857672 −80.777248
6 Haulover Canal HOC N 28.706285 −80.720657
7 Parrish Park PPK N 28.623625 −80.794767
8 Campground CAMP N 28.504 −80.7801
9 Briarwood BW N 28.42123 −80.75245
10 Lee Wenner Boat Ramp LWBR N 28.355086 −80.722994
11 Rockledge ROCK N 28.3014 −80.7005
12 Rotary Park RPK N 28.2295 −80.6714
13 Pineapple PINE C 28.154 −80.6382
14 Front Street FS C 28.079558 −80.599847
15 Malabar MAL C 27.9862 −80.5532
16 Christensen CHR C 27.93112 −80.526022
17 Outriggers OUT C 27.855367 −80.492992
18 Sebastian SEB C 27.80892 −80.466215
19 Environmental Learning Center ELC C 27.758069 −80.415706
20 Vero VERO C 27.654303 −80.368983
21 Round Island RI C 27.561131 −80.328635
22 Wildcat WC C 27.495292 −80.303114
23 Bear Point BP S 27.429391 −80.281382
24 Midway MID S 27.38723 −80.297868
25 Jensen Beach JEN S 27.308302 −80.22226
26 Palm City Bridge PCB S 27.155333 −80.261
27 Riverwalk RW S 27.20225 −80.253883
28 Fish House FH S 27.151083 −80.199867
29 Twin Rivers TR S 27.164933 −80.18215
30 Driftwood DW S 27.255533 −80.23085
31 Jensen Beach Impound JBI S 27.260117 −80.209233
32 River Cove RC S 27.21435 −80.183983
33 House of Refuge HOR S 27.199617 −80.166283
34 Indian Riverside Park IRP S 27.228535 −80.212716
35 Jimmy Graham Boat Ramp JGBR S 27.09958 −80.145616

Citizen scientists associated with the University of Central Florida (UCF; current
students and alumni) and partnering non-profit conservation agencies situated along
the IRL assisted with water sample collection and microscopic identifications. Citizens
who ranged in age from 16 to 80 were recruited through existing agencies’ volunteer
networks, social media postings, and by word of mouth. To be included as a citizen
scientist, individuals had to be available for the 12 months of the project and have their
own transportation. Citizen recruits underwent extensive MP training where they were
educated about MP generation and pollution, scientific procedures used for field sampling
of MP, and sample inspection protocols in the laboratory. Once successfully trained, citizen
scientists were independently deployed to collect water samples each month at pre-selected
sites that were near their homes. Lagoon water samples were processed and inspected for
MPs in laboratories at UCF or the associated conservation agencies under direct supervision
of university/agency investigators. A minimum of 10% of all samples were then re-checked
by university personnel as required by our EPA QAPP (Quality Assurance Project Plan).
On all sample collection and processing dates, all participants were requested to wear only
natural fiber clothing.

To compare to the collected water samples, the oyster C. virginica was collected quar-
terly for one year from 12 intertidal reefs in the IRL. This included 6 reefs from the north,
3 from the central, and 3 from the south IRL (Figure 1). Sampling reefs in the north region
were randomly selected using a random number generator (www.random.org) (accessed
on 1 December 2018), while central and southern reefs were the only sustainable, inter-
tidal reefs accessible in each respective region (E. Dark, pers. comm.; [40]). Additionally,
the 3 southern reefs were part of oyster restoration efforts. Sampling distribution was
skewed to the north to be representative of C. virginica abundance in the IRL, as there is
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a historical downward trend in oyster abundance as latitude decreases [40,41]). At each
reef, 30 individual C. virginica were collected. Fifteen large (shell length ≥ 36 mm) and
fifteen small (shell length < 36 mm) C. virginica were haphazardly collected from each
reef, wrapped in aluminum foil, bagged, and placed on ice. Oysters from all 12 reefs were
collected within a 7-day window to limit temporal variation. Samples were brought to the
University of Central Florida Department of Biology laboratory for storage in a −20 ◦C
freezer until processing.

2.3. Sample Processing

IRL water samples were vacuum-filtered at room temperature using Whatman ni-
trocellulose membrane filter paper (47 mm, 0.45 µm pore size) to extract MP, and placed
in triple-rinsed, sealed, 60 × 15 mm Petri dishes. Filters were inspected once dry using
a dissecting microscope (Leica EZ4, Morrisville, NC, USA) at 20×–40× magnification.
MP type, color, and size (mm) were recorded following protocol established by the Shaw
Institute [42]. To distinguish between natural and synthetic items, potential MPs were
prodded using forceps to test breakage, and examined for discrete variation in color, shape,
and margins (smooth, jagged, frayed) along their lengths.

Individual C. virginica were thawed and shell heights (mm) were recorded using
calipers. After each oyster was shucked, the blotted-dry, wet-weight of soft tissue weighed
(g) was determined using a top-loading balance (Ohaus Scout Pro, Parsippany, NJ, USA),
and then placed in individual glass Erlenmeyer flasks (125 mL for small, 250 mL for
large oysters). Digestion protocol followed procedures established by [43] for the optimal
extraction of MPs from bivalve tissues. A 10% potassium hydroxide (KOH) solution was
added to each flask at a ratio of 3:1 volume (mL) to wet tissue weight. Flasks were covered
and placed in a shaking incubator at 40 ◦C at 60 rpm for 24 h, and then removed and
left at room temperature for an additional 24 h where tissue digestion was completed.
A 1.0 M citric acid solution was added to the digested tissue solution until a neutral pH
(7.0) was reached to prevent an interaction with filters [20]. The neutralized solution was
vacuum-filtered under a fume hood using Whatman glass microfiber filters (90 mm, 1.2 µm
pore size) and placed in triple-rinsed Petri dishes for later quantification.

2.4. Limiting Polymer Contamination and Degradation

Procedural MP contamination was controlled for by triple-rinsing all equipment used
during digestion and filtration with 0.45 µm filtered deionized (DI) water prior to each
use (M.M. Patterson, pers. comm.). Solutions used during digestions were also made with
0.45 µm filtered DI water. Chemical digestion of oysters was conducted in a fume hood to
prevent polymer contamination during the filtration process [44]. KOH was preferrable
to digest bivalve soft tissue and extract MP particles as small as 1 µm in size because it
preserves major polymers, including rayon [43].

Aerial contamination was quantified during microscopy by using five filter-control
blanks (filters dampened with 0.45 µm filtered, deionized water placed in triple-rinsed Petri
dishes) [44,45]. Blanks (exposed filters) were haphazardly placed on the table immediately
around the microscopy station at all times during inspection to quantify potential air
contamination while samples were exposed [45]. Blanks were inspected for MP, then
normalized (AbundanceN) to a mean contamination rate per minute.

2.5. Fourier-Transform Infrared Spectroscopy

To supplement MP identification, polymer composition was determined using attenu-
ated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) at the University
of Central Florida Nanoscience Technology Center using a Shimadzu IRSpirit-T instrument.
A subset of samples containing MPs (10% of water and 10% of C. virginica samples with
MPs) were randomly selected (www.random.org) (accessed on 1 March 2020). And all
potential MPs larger than 0.5 mm in size were scanned [46]. MPs were scanned in the
600 to 4000 cm−1 range and spectra were matched to the reference library from Shimadzu
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using differential derivative point matching (ATR-FTIR Polymer and Polymer Additives
Database #220-93143-07, 2020). A score, also known as hit quality index (HQI), for each
spectrum was calculated to measure percent match using the equation:

HQI =

((
1 − D

S

) 1
3
+ 1

)
2

(1)

where D is the summation of the primary and reference spectra by calculation of a fitting
method, and S is the area of the primary derivative curve of the sample spectrum. Spectra
were automatically included as a polymer if score match was 700 or higher, ambiguous
scores of 600–700 were manually sorted for inclusion in analysis, and scores of 600 or below
were excluded [2,47]. Ambiguously scored spectra were inspected and differentiated by
visual peak matching. Polyester is predominantly PET and could not be elucidated as a
distinctly different polymer, so polyester signals were classified as PET [6]. A subset of
signals (10%) on MP identified in control blanks were scanned using ATR-FTIR to determine
any overlap between polymers found in the IRL and aerial contamination.

2.6. Statistical Methods

Abundance data for MP in lagoon water and C. virginica MPs were broadly dispersed
and had a high presence of zeros, so each were analyzed using negative binomial gen-
eralized linear modelling (GLM) for zero-inflated data (R package “pscl”). To quantify
spatial and temporal variations in MP abundance in lagoon water, predictor variables tested
included region, site, and season. Seasons were defined by standard meteorological seasons
in Florida (Spring = March–May, Summer = June–August, Fall = September–November,
Winter = December–February). To determine what factors may influence MP abundance
in water, distance to the nearest tributary (km) and distance to the nearest inlet (km) were
tested as predictor variables in models. Distinct regional differences in MP abundance were
apparent, so both whole-IRL and independent regional model analyses were incorporated
to distinguish trends more precisely. The IRL is very expansive; therefore, models with
predictors of distance to an inlet and tributary were only included within the individual
regional analyses.

Control blanks were normalized to a contamination rate per minute (CM) using the formula:

CM =
MPB
TB

(2)

where MPB is the mean number of MP per blank and TB is the time that blanks were
exposed in minutes [21]. Contamination per minute values then were used to calculate the
contamination per sample (CS) using the formula:

CS = CM × TE (3)

where TE is the length of time each filter was exposed during inspection [21]. Contamination
per sample values were incorporated as a covariate in water models but only included if
significant in the model.

To quantify MP abundance and fluctuations in IRL oysters, predictor variables tested
in models included region, site, season, and shell height. To determine what factors may
influence MP abundance in oysters, distance to the nearest tributary, and distance to the
nearest inlet were also tested as predictor variables. Contamination per sample and tissue
weight were incorporated in all oyster models but only included in analyses if significant.

Post hoc model selection using all possible predictor variable combination for Akaike
information criterion (AIC) was used to determine which variables best predicted MP
abundance in both lagoon water and oyster samples from the IRL. Regional differences in
MP abundance were apparent so both whole-IRL and independent regional model analyses



Environments 2022, 9, 131 7 of 18

of C. virginica were incorporated. Regional models used the same predictor variables as the
whole-IRL models to distinguish trends.

Linear regressions were used to determine differences in air and water temperature
between IRL regions, and seasons. Regressions were also used to determine wind speed
and salinity differences between IRL regions, sites, and months. All statistical analyses
were performed using R, version 4.0.3 [48].

3. Results
3.1. Microplastics in Lagoon Water

Overall, a total of 3755 MPs were observed in 44% of all lagoon water samples. When
separated by regions, 70.7% of north IRL samples contained MP, while 29.6% and 66.0%
of samples contained MP for the central and south regions, respectively. These data
were collected by 84 citizen-scientists who collectively donated 1600 h to this MP water
effort. Lagoon water MP density ranged from 0 to 25.0 MP/L and had a mean (±CI) of
1.47 ± 0.09 MP/L (Figure 2). Mean normalized abundance reduced the range slightly to
0–24.6 MP and the mean to 1.42 ± 0.10. MP abundance differed between the IRL regions.
Central sites had the lowest MP abundance, followed by the north, then south regions
(p < 0.001 for all, Figure 2). Fibers, fragments, films, and foams were found in water, with
fibers comprising 95.6% MP. Fragments, foams, and films comprised the remaining 3.9%,
0.3%, and 0.2% MPs, respectively. Plastics ranged in size from 0.1 mm to 30.0 mm and had
a mean longest dimension (±CI) of 1.9 ± 0.1 mm.
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The most plausible model to predict lagoon-wide MP abundance in IRL water included
site and season as predictor variables (AIC = 6283.6; McFadden pseudoR2 = 0.12, Table 2).
For the entire IRL and the north IRL, MP abundance was higher in lagoon water in fall
and winter (p ≤ 0.02). In central and south regions, the most plausible predictors of MP
abundance were site and season (AIC = 1131.2, McFadden pseudoR2 = 0.10, Table 2) and
(AIC = 2710.5; McFadden pseudoR2 = 0.12), respectively (Table 2). Abundance was also
higher in fall and winter (p < 0.001) for both regions. When the presence/absence of MPs
was considered for IRL water overall, winter was a significant predictor of MP presence
(p = 0.005). Despite this lagoon-wide pattern, MP presence was not predicted by any season
when regions were considered separately.
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Table 2. Zero-inflated negative binomial GLM models of MP abundance in lagoon water overall
and by region (north, central, south). Values reported are AIC, delta AIC, degrees of freedom, and
AIC weight.

Indian River Lagoon Water AIC ∆AIC df AIC Weight

Site + season 6283.6 0 77 1
Site 6306.6 23 71 <0.001

Tributary + region + season 6569.9 286.3 15 <0.001
Tributary + region 6584.1 300.5 9 <0.001
Region + season 6644.6 361 13 <0.001

Region 6660.2 376.6 7 <0.001
Season 6938.3 654.8 9 <0.001

Inlet 6946.8 663.2 7 <0.001
Tributary 6951.4 667.8 5 <0.001

North Lagoon AIC ∆AIC df AIC Weight

Season 2422.9 0 9 0.8221
Site + season 2426.0 3.1 31 0.1748

Site 2434.1 11.2 25 0.0031

Central Lagoon AIC ∆AIC df AIC Weight

Site + season 1131.2 0 27 0.7207
Site 1133.1 1.9 21 0.2771

Inlet + season 1143.6 12.4 11 0.0015
Inlet 1145.0 13.8 5 <0.001

Tributary 1179.1 47,9 5 <0.001
Season 1209.9 78,7 9 <0.001

South Lagoon AIC ∆AIC df AIC Weight

Site + season 2710.5 0 33 1
Site 2742.7 32.2 27 <0.001

Tributary + season 2912.9 202.5 11 <0.001
Tributary 2920.5 210 5 <0.001

Season 3003.5 293 9 <0.001

MP abundances differed between IRL regions with regard to oceanic and freshwater
influences. In the north IRL, MP abundance did not vary with distance to a tributary or
inlet. There are no tributaries in the north and one oceanic inlet (Ponce de Leon Inlet).
A different trend was apparent in the central IRL, where MP abundance decreased with
increasing distance from a tributary (p < 0.001) and increased with increasing distance from
an inlet (p = 0.001). Abundance decreased by 0.99 MP/L for every 1 km increase in distance
from a tributary and increased by 0.82 MP/L for every 1 km increase in distance from an
inlet in the central IRL. In the southern region, no oceanic influence was apparent; however,
there was tributary influence and MP abundance decreased by 0.88 MP/L for every 1 km
increase in distance from a tributary (p < 0.001).

3.2. Microplastics in Oysters

Crassostrea virginica (n = 1402) from the IRL contained a total of 3181 MPs. The
composition of MP was dominantly fibers (95.0%), while fragments comprised 4.4%, and
films and foams comprising less than 1% MP combined. Seventy percent (n = 981) of
C. virginica contained MP in their tissues. When considered by region, 65.5% of north
samples, 70.4% of central samples, and 76.7% of south samples contained MP. The dominant
color of MPs lagoon-wide and for each region was black. Plastics ranged in size from 0.1
to 35 mm, with a mean size (±CI) of 2.79 ± 0.10 mm. Oysters had a mean MP abundance
(±CI) of 2.26 ± 0.16 MP/individual and density of 2.43 ± 0.52 MP/g wet tissue weight.
MP abundance differed between C. virginica from IRL regions; northern oysters contained
less MP than central and south oysters (p < 0.001, Figure 3), but abundance did not differ
between the central and south oysters.
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The most plausible model to predict MP abundance throughout the IRL for C. virginica
included season, site, and shell height as predictor variables (Table 3). MP abundance
was higher in oysters sampled in summer, fall, and winter (p < 0.03 for all) than in spring.
Within each region, there was variability in MP abundances (p < 0.05). In north IRL, the
most plausible model included site + season (AIC = 2376.0; McFadden pseudoR2 = 0.11,
Table 3), while in the central and south IRL, season + shell height produced the most
plausible models (Table 3). Abundance was higher in central C. virginica in summer and
fall (p < 0.001). The model indicated MP abundance increased by 1.4 MP/individual for
every 1 mm increase in shell height (p < 0.001) in the north. The same model indicated that
MP abundance increased by 1.51 MP/individual for every 1 mm increase in shell height
in C. virginica from the central IRL, and abundance increased by 1.45 MP for every 1 mm
increase in shell height (p ≤ 0.002) in the south. When the presence/absence of MPs was
considered by region, summer, fall, and winter were significant predictors of MP presence
in oysters from the northern region (p ≤ 0.04). Similarly, in central IRL, summer, fall, and
winter were all predictors of MP presence (p ≤ 0.04) for C. virginica. No variable was a
significant predictor of MP presence for south oysters.

Microplastic abundance trends in C. virginica differed between IRL regions with regard
to oceanic and freshwater influence. In the northern and central IRL, MP abundance in
oysters decreased with every 1 km increase in distance from a freshwater tributary, by
0.77 MP/individual and 0.52 MP/individual, respectively (p ≤ 0.01 for both). However,
no oceanic influence on MP abundance was detected in any region, and in the southern
IRL, there was also no tributary influence.

3.3. Abiotic Parameters

Air and water temperature differed significantly between IRL regions and seasons
(p < 0.005 for all), but did not differ between sampling sites for water and oyster collections.
As expected, temperatures were higher in summer and spring, and lower in winter. The
water temperature was also higher in the southern region. Salinity did not vary between
regions or seasons but did vary between sites (p < 0.05 for all). Wind speed varied between
regions and seasons, but not months. Wind speed was slower in the central IRL region
(p = 0.004), and faster at northern water sampling sites that were more exposed (p < 0.01).
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Table 3. Zero-inflated negative binomial GLM models of MP abundance in Indian River Lagoon oys-
ters, overall and by region. Values reported are AIC, delta AIC, degrees of freedom, and AIC weight.

Indian River Lagoon Oysters AIC ∆AIC df AIC Weight

Site + season + shell height 4984.0 0.0 35 1
Season + shell height 5020.6 32.6 13 <0.001

Site + shell height 5053.1 69.1 29 <0.001
Shell height 5088.2 104.2 7 <0.001
Site + season 5158.6 174.6 35 <0.001

Season 5208.4 224.4 13 <0.001
Site 5248.5 264.5 29 <0.001

Tributary 5277.0 293.0 9 <0.001
Region 5289.1 305.1 11 <0.001

North Lagoon AIC ∆AIC df AIC Weight

Site + season 2376.0 0.0 23 0.63
Site + season + shell height 2377.1 1.0 23 0.37

Season + shell height 2404.2 28.2 13 <0.001
Season 2407.2 31.2 13 <0.001

Site 2411.0 34.9 17 <0.001
Site + shell height 2413.5 36.5 17 <0.001

Tributary 2435.6 59.6 9 <0.001
Inlet 2435.6 59.6 9 <0.001

Shell height 2436.5 60.5 7 <0.001

Central Lagoon AIC ∆AIC df AIC Weight

Season + shell height 1203.5 0.0 13 1
Shell height 1263.2 59.7 7 <0.001
Site + season 1289.7 86.2 15 <0.001

Season 1310.2 106.7 13 <0.001
Site 1364.5 161.0 9 <0.001

Tributary 1371.7 168.2 9 <0.001

South Lagoon AIC ∆AIC df AIC Weight

Season + shell height 1335.8 0.0 13 1
Shell height 1372.0 36.2 7 <0.001

Season 1408.7 72.9 13 <0.001

3.4. Polymer Composition and Contamination

In total, 122 signals of suspected MPs were obtained using ATR-FTIR spectroscopy,
and 78 (64%) were confirmed synthetic polymers. Fibers, fragments, foams, and films
were found in both lagoon water and C. virginica. Fibers dominated type composition,
comprising 95.6% and 95.0% MPs in water and C. virginica, respectively. Colors varied
across the spectrum, but black MPs were the most common. It is possible that the citizen
scientists who collected field samples may have contaminated their samples if their clothing
was not created from natural materials [49,50]. We acknowledge this potential source of
error. Project scientists ensured that all individuals involved in laboratory MP microscopy
wore only natural fiber garments.

Polyethylene terephthalate (PET) was the most abundant polymer in lagoon water
and C. virginica in the IRL, and comprised 50%, and 56% MPs, respectively. Polypropy-
lene (PP), polyethylene (PE), polystyrene (PS), and polyamide (PA) were also found in
lagoon water in differing proportions (Figure 4). All scanned MPs were fibers, except for
two clear fragments. One fragment was PE and the other was a synthetic wax. There was
one rayon fiber found and it was in an oyster. Miscellaneous (“other”) polymers found
in both water and oyster samples were polymer blends, with the exception of one acrylic
adhesive confirmed in lagoon water, and one polyacrylate fiber confirmed in C. virginica.
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Figure 4. Synthetic polymers in microplastics from water and oysters from the Indian River Lagoon.
Polymers are polyethylene terephthalate (PET), polypropylene (PP), polyethylene (PE), polyamide
(PA), polystyrene (PS), rayon, and miscellaneous polymers (Other).

Aerial control blanks associated with lagoon water had a mean contamination rate of
0.016 MP/min. The mean time of exposure associated with microscopy for water samples
was 8 min. Mean aerial contamination rate for C. virginica samples was 0.020 MP/min
and samples were exposed for a mean time of 5 min. There was a 15% overlap (three PET
particles) between polymers found in samples and polymers from aerial control blanks.

4. Discussion

A growing body of research, including our results, suggest oceans function as sinks
for MPs, while coastal surface waters entering estuaries are sources [51–53]. The current
study quantified MP abundance in surface water and C. virginica from the IRL to determine
if spatial and temporal factors influence MP abundances within this system. Overall,
C. virginica had an average of 2.26 MP/individual, or 2.43 MP/g tissue weight, and IRL
water had 1.47 MP/L. Significant variations and trends in MP abundance were detected
across seasons, and within spatial extents less than 5 km, indicating both site and season
should be incorporated into MP research designs. For example, our research determined
that the south IRL was a hotspot for MP pollution.

Studies of estuarine and coastal bivalves have reported variable MP abundances
(e.g., [27,54,55]). Comparisons of MP abundance in Florida’s IRL to abundances of other
estuaries in the United States are summarized in Table 4. Compared to a previous study on
MPs in the north IRL by [56], our abundance values for both lagoon water and adult oysters
were lower even though the oyster reefs were in close proximity (separated by < 1 km). This
difference can likely be attributed to the different MP collection and extraction procedures
between studies, as FTIR was not included in [56], and we now know that large numbers
of natural fibers are present in the IRL system (C.A.C., pers. obs.). Additionally, aerial
contamination was not reported in the Waite et al. [56] publication. MP abundance in IRL
water was comparable to mean abundances in a surface water study from Tampa Bay (FL),
published in 2019, but not to earlier studies from highly urbanized Charleston Harbor, SC
or less urbanized Winyah Bay, SC [55,57]. It is important to note that the south IRL, where
mean MP abundance exceeded 2 MP/L, is the most highly urbanized area within the IRL
system and some of the sampling locations were along human-built canals. When oysters
were compared, MP abundance in C. virginica from the IRL was less than MP abundance
in C. gigas from the Oregon coast, but was similar to C. gigas in the Salish Sea, WA [58,59].
This may be related to oyster filtration rates, month or time of sampling, MP protocols,
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or localized urbanization. Filtration rates for C. gigas from the Pacific Ocean have been
measured in the field at 0.35–0.73 L g−1 h−1 and 2.5–12 L g−1 h−1 in laboratory trials (dry
tissue weight; [60–64]). There are reports that this species can filter in “high gear” vs. “low
gear”, with a 3-fold difference in filtration [65]. Galimany et al. [66] reported that adult
IRL C. virginica filter 18 L day−1 (0.75 L h−1) in flow-through chambers using lagoon water,
while Grizzle et al. [67] reported 1.2 L h−1 filtration rates in shallow IRL field conditions.
The MP abundances reported in this study were also comparable to those from C. gigas
collected along the French Atlantic coast (1.7 MP/individual; [68]).

Table 4. Comparison of microplastic abundance in water and oysters from the Indian River Lagoon
and other estuaries in the United States. Values reported are mean abundance per liter of water,
microplastics per individual oyster, and standard error of the mean.

Water Location Abundance ± S.E. Reference

Indian River Lagoon, FL 1.46 ± 0.05 Present study
Mosquito Lagoon, FL 23.1 [56]

Tampa Bay Estuary, FL 0.94 ± 0.52 [55]
Charleston Harbor, SC 6.6 ± 1.3 [57]

Winyah Bay, SC 30.8 ± 12.1 [57]

Oysters Location Abundance ± S.E. Reference Species

Indian River Lagoon, FL 2.26 ± 0.08 Present study Crassostrea virginica
Mosquito Lagoon, FL 16.5 [56] Crassostrea virginica

Salish Sea, WA 1.75 [59] Crassostrea gigas
Oregon Coast 10.95 ± 0.77 [58] Crassostrea gigas

4.1. Spatial Microplastic Fluctuations and Influences

MP abundance in both lagoon water and C. virginica were influenced differently by
hydrological factors of distance to a tributary or inlet. Freshwater contribution to the IRL
comes from land runoff and a dynamic matrix of rivers, drainage canals, creeks, and ditches,
which are unevenly distributed throughout the lagoon [29]. In the northern IRL, there
was no tributary or inlet influence detected on MP abundance in water or oysters. There
are no tributaries and the north IRL is considered microtidal with water residence times
(50% renewal time) within the region varying greatly with distance from inlet; for example,
residence time for the northernmost and southernmost portions of Mosquito Lagoon (north
IRL) are 15 days and 172 days, respectively [30]. Within the northern IRL, MP abundance
in water did not differ between sites; however, abundance was different in oysters from
different reefs. All northern sampling reefs were located within 20 km of Ponce de Leon
Inlet and within 5 km of each other so spatial influences on MP abundances in C. virginica
were hard to distinguish. All reefs were located in the central Mosquito Lagoon region,
where water residence time is low (~15 days; [30]). Likewise, abiotic conditions between
sampled reefs in the north IRL did not differ. It is likely that the variation in MP abundance
in the north IRL is not explained by variables captured in this study, and additional research
is needed. One possibility is that the location of stormwater outfalls, not incorporated in
this study, are important sources of MP pollution in this region of the IRL (L.J.W., pers.
comm.; [3,69]).

In the central IRL, a positive trend of freshwater influence on MP abundance was
found in both water and C. virginica, as abundance decreased with increasing distance from
a tributary. Tributaries within the boundaries of the central IRL are the Sebastian and Eau
Gallie Rivers, Turkey and Crane Creeks, and numerous manmade canals (e.g., Vero Main,
Vero North, Vero South, Taylor; [29]). The Sebastian River is the second largest tributary into
the IRL [70]. Despite the greater tributary presence, water from the central IRL contained
the lowest MP abundances, which may be attributed to the inlets flushing MPs out of the
region. There are two inlets within the boundaries of the central IRL, Sebastian and Fort
Pierce, which contribute to lower water residence times and increased tidal flushing in the
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region [71]. In oysters from the central IRL, however, there was no inlet influence while
MP abundance increased with closer proximity to freshwater tributaries. This may be
attributed to the proximity of two of the three reefs to tributaries; both were adjacent to
tributaries that empty into the lagoon, while the third reef was 3 km away from Fort Pierce
Inlet. Additionally, this third reef was located on the western side of the central IRL, where
there is a lessened tidal influence compared to the eastern shore [72]. Another important
factor for MP abundance in water and oysters in the central IRL was discharge from the
Sebastian River, which had a mean annual discharge rate of ~100 m3 s−1 throughout this
study [72]. Law et al. [73] found that MPs accumulate in areas with water velocities slower
than 2 cm s−1, suggesting MPs in this area are flushed away by the water velocity of the
Sebastian River.

Southern IRL MP abundance was high for both C. virginica and lagoon water. MP
abundance in southern lagoon water decreased with increasing distance from a tributary;
however, MP abundance in C. virginica did not. There is one primary tributary in the
south IRL, the St. Lucie Estuary (SLE), which is also the largest tributary to the IRL and
connects the lagoon to Lake Okeechobee through the C44 canal [29]. MP abundance was
not influenced by distance to an inlet, in either lagoon water or C. virginica. There is one
inlet within the southern IRL boundary defined in this study, the St. Lucie Inlet, which has
constricted water flow into the area [74]. As a result, there is less tidal influence in this area
and in the SLE [74]. This suggests the St. Lucie Inlet is not flushing MP out of the southern
IRL at rates fast enough to accommodate deposition from the tributary. Abundance in
C. virginica in the southern IRL did not differ between sampling reefs. Similar abundances
in southern reefs may be attributed to their location, as they were all north of the SLE and
St. Lucie Inlet (>5 km) where water circulation patterns are less impacted by either the
tributary or inlet [49,74].

4.2. Temporal Microplastic Fluctuations and Influences

Our sampling design included one collection per month (IRL water) or per season
(oysters), so it is essential to consider this limitation to the study when examining tem-
poral trends in MPs in the IRL, especially with oysters. With IRL water overall and for
all three regions, MP abundance was higher in the fall and winter during our study. Tem-
poral variation in MP abundance was likely impacted by extreme events that happened
during the study period. Hurricane Dorian, which paralleled Florida’s east coast between
1 and 3 September 2019, may have impacted MP abundance in the lagoon. Hitchcock [25]
found MP abundance levels in the Cooks River Estuary (Australia) were 40-fold higher
during a storm event. Around the time of Hurricane Dorian, discharge out of the Sebastian
River and SLE increased to ~305 m3 s−1 [73]. There were also prolonged high-water levels
associated with a new lunar cycle and slowing of the Atlantic current in November 2019,
which may also have influenced water discharges, and thus, MP abundance [73].

With IRL oysters, the overall pattern suggests that spring had lower MP abundances
than other seasons. This pattern may be related to seasonal oyster eco-physiology and
seasonal differences in their pumping rates. Pumping rates increase with temperature [75].
Likewise, oyster reproduction increases with temperature and Florida oysters begin to
spawn each year when temperatures reach or exceed 25 ◦C [40]. In the north IRL, C. virginica
recruited to reefs in all months of the year except January–March throughout a 6-year study;
≥5 spat were recorded per 0.25 m2 as long as the water temperature from nearby continuous
monitoring was ≥19.3 ◦C [76]. Spring oysters were collected in March 2019 when water
temperatures were below this temperature threshold. Combined, this suggests that lowered
pumping and reproductive activity by oysters may result in lower MP abundance. This
could have implications for harvesting and human consumption, but more detailed studies
on this topic are required. Craig et al. [21] found that C. virginica, regardless of size, were
able to egest MPs at a mean rate of 1 MP per 1 h through feces, and 1 MP per 2 h through
pseudofeces, and that egestion efficiency decreased by 0.8% per 1 g increase in tissue weight.
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This corresponds to the current finding that size is important as MP abundance increased
by 1.4–1.5 MP/individual for every 1 mm increase in shell height.

4.3. Polymers and Coastal Restoration

Development and field testing of non-plastic materials have become important top-
ics in the field of coastal restoration to reduce any unintended consequences of plastic
restoration materials on the environment [77]. Negative assumptions continue to be made
about plastic-based restoration materials contributing to overall MP abundances without
supporting data. Materials traditionally used for restoration borrowed heavily from the
aquaculture industry and many areas around the globe use black, Naltex (PE) mesh bags
for oyster reef restoration and living shoreline stabilization (e.g., [78,79]). The mesh bags
are filled with shells, often from shell recycling programs, and deployed as the bases for
reefs or as wave breaks along shorelines. This made sense as this bagging mesh was
non-toxic, volunteer-friendly, and low cost. However, while aquaculturists may leave
materials in water bodies for finite time frames, this was not the plan for many restoration
projects. Hence, there is a community concern that these PE bags deployed for restoration
are now adding to the MP problem in the IRL and elsewhere. We were able to directly
test if C. virginica collected from the south IRL had a large number of black PE fibers or
fragments as all three study reefs were previously restored using Naltex bags (V.E., pers.
Comm.). Although black was the dominant color of fibers that dominated both water
and oyster MP in south IRL, it is unlikely that the source was the Naltex mesh bags as PE
signatures were limited (9% in water, < 2% in oysters). However, the minimum sample size
for FTIR was 0.5 mm; thus, the number of Naltex mesh bag MP of smaller dimensions is
not known. Craig et al. [21] likewise found very few (<5%) PE MPs in oyster biodeposits
(feces, pseudofeces) and 8% in the soft tissues of 280 individuals of C. virginica collected
throughout the IRL in a separate study.

There are many alternative sources of MPs in the IRL and around the globe. Polyethy-
lene terephthalate (PET) was the dominant polymer found in both C. virginica and water
in our study and the IRL oyster biodeposits study by Craig et al. [20]. PET was the most
abundant polymer in feces, pseudofeces, and oyster tissue, and comprised 80%, 50%, and
58% confirmed MP, respectively [21]. PET is prominent in the single-use plastic industry,
particularly plastic drink bottles [80–82]. Polyester, also known as PET, is the most pro-
duced synthetic textile material in the world and is common in clothing [83]. Since 95%
of MPs in the IRL were fibers, it is possible that some MPs originated from wastewater
treatment plants or septic systems. Another source is stormwater outfalls, and IRL outfall
locations have higher MP abundances than other regions (Walters et al., unpublished data).
Globally, Boucher and Friot [7] estimate 35% of plastics in oceans are from synthetic textiles
associated with laundry.

Of the 44 misidentified non-polymers, 39% were natural textile fibers, including wool,
cotton, and silk fibroin [84]. An additional 30% were cellulose derivatives (e.g., microcrys-
talline, microfibrillated cellulose), and 10% were ramie fiber. These are fibers engineered to
be resistant to breakage, suggesting that there may be a weakness in identification proce-
dures where resistance to breakage may be too heavily relied upon as a characteristic to
classify a particle as an MP.

5. Conclusions

Over the period of this study, 84 trained citizens participated in water sampling,
processing, and inspecting, and contributed 1600 h of their time to Indian River Lagoon
MP research. In the IRL, MP abundance was variable, both spatially and temporally, which
can be attributed to the unique hydrology of this 251 km long estuary along the east coast
of central Florida. In total, 6936 MPs were found in the IRL (water + oysters) collections,
95% of which were fibers, and the majority was PET. The southern IRL was a hotspot for
microplastic pollution; this region is highly urbanized and also includes the largest tributary
to the IRL. Overall, freshwater tributaries in the central and south IRL were the suggested
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sources of MP pollution, while the Sebastian and Ft. Pierce inlets flushed MPs out of this
system. Using a mean abundance of 1.5 MP/L and lagoon volume of 953,000,000 cm3 [85],
we estimate there are ~1.4 trillion MPs in the Indian River Lagoon. This research builds
on previous IRL MP research as well as the rapidly expanding global body of research
of spatial and temporal variations in MP abundance in dynamic estuarine systems that
include both highly urbanized and undeveloped areas.
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