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Abstract

:

Stormwater outfalls are frequently listed as sources of microplastic (MP) contamination into aquatic systems. To date, few studies have been undertaken to determine if stormwater outfalls are MP hotspots in estuaries. This study compared the surface waters adjacent to and at least one kilometer away from stormwater outfalls of a subtropical estuarine system: the Indian River Lagoon (IRL) on the east coast of Florida, USA. Citizen scientists collected water samples monthly for 12 months from stormwater outfalls (n = 24) and control sites (n = 6). Overall, 958 MPs were identified from 1800 L of water, with the most found in the fall months during hurricane season. Stormwater outfalls (mean: 0.53 MP/L) were found to discharge smaller MPs (GLM: p = 0.0008) in significantly higher amounts compared to control sites (GLM: p = 0.02), documenting stormwater as a point-source pollutant in this system. Two types of stormwater outfalls drained into the IRL—closed culverts and open drainage channels—with no difference in MP abundances between the two (GLM: p = 0.60). Microfibers dominated collections (89%). Using ATR-FTIR for polymer identification, 80% of the materials found were plastic; polypropylene (29%), polyethylene (18%), and polyethylene terephthalate (18%) were the most abundant polymers found.
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1. Introduction


Plastic pollution is currently among the most pervasive threats to our global ecosystem, and the demand for and production of plastic products continue to increase at a rate of 8% per year [1]. Over 300 metric tons (Mt) of plastic are produced each year [1] and an estimated 8 Mt enters the oceans annually [2]. Microplastics (MPs) are defined as plastic pieces < 5 mm. In aquatic environments, MPs are effectively bioaccumulated across trophic levels due to their small size and buoyancy [3,4,5,6]. Aquatic organisms known to accumulate MPs include oysters [7], fulmars [8,9], osprey [10], amphibians [11], mussels [12,13], whales [14,15], sea turtles [16,17], and fish [18,19,20,21]. Many commercially important species accumulate MPs [22], as do planktonic organisms [23,24]. A number of ecotoxicological responses to MPs have been reported in many aquatic species, including cytotoxicity, mortality, neurotoxicity, and genotoxicity [25]. In fish, MP ingestion disrupts the gut microbiome, causes inflammation, intestinal complications, and increases oxidative stress [26,27,28].



Up to 80% of plastics introduced into marine environments originate from land-based activities such as agriculture and construction [29]. Additionally, human activities, including littering, add MPs into freshwater systems that eventually are deposited into marine environments [30]. Wastewater treatment plants are known point-sources of MPs that leach contaminants into streams and marine environments [31,32,33]. Microbeads, primary MPs from cosmetic and personal care products, have been found in wastewater discharge [34]. Wastewater is commonly discharged directly into coastal waters after being treated and filtered, and up to 99% of MP contaminants can be removed from effluents via filtration [35,36,37]. However, the large volume of daily discharge still leads to a substantial amount of MP pollution [31].



Stormwater is recognized as a pathway and source of MPs and contaminants in aquatic systems [38,39], having more of an impact than wastewater effluents in areas with high rainfall [40,41,42]. Chen et al. [42] estimated the Huangpu River watershed in eastern China had an MP load of 8.50 × 1014 particles per year from stormwater overflow, about six times larger than the local wastewater treatment plant effluent. Airborne MPs are concentrated into rain droplets to create “plastic rain” [43]. Other pathways include rainwater transporting contaminated surface runoff. Most of the MPs in stormwater come from daily-use plastic items and road dust, which is comprised mainly of tire particles and road paint [44,45]. Rain events influence the number of pollutants and road dust in stormwater [46]. Hitchcock [47] observed an MP abundance increase of 40-fold during a storm. Land activities and population density influence the pollutant load transported through stormwater [42].



Estuaries act as gateways, carrying freshwater and pollutants to marine environments. Multiple studies have found estuaries to be MP hotspots [48,49,50], likely because of the multiple freshwater inputs, and the unique hydrodynamics. Tributaries carry plastics into marine environments, which is often driven by onshore activities and rainfall. The shorelines of Hong Kong have been described as an MP hotspot. Hong Kong is a highly populated city with over 7 million people. The onshore activities being carried out by the Pearl River estuary are likely causes of the MP accumulation [51], and Cheung et al. [52] found the estuary to influence marine plastic debris on nearby beaches. The Yangtze River estuary was first described as an MP hotspot by Zhao et al. [49] after recording MP concentrations up to 4137.3 ± 2461.5 n/m3 in estuarine surface waters. Charleston Harbor, an estuary in South Carolina, found 6.6 ± 1.3 particles/L in the surface waters [50]. Interestingly, Winyah Bay, another estuary in South Carolina, recorded 30.8 ± 12.1 particles/L in surface waters [50]. Winyah Bay has a higher population and greater drainage area compared to Charleston Harbor, and the higher MP loads in Winyah Bay are likely from the Yadkin Pee-Dee River Basin inputs [50].



Citizen science is the involvement of volunteers to help with collecting or analyzing data for research purposes. Studies utilizing citizen scientists in plastics research are becoming increasingly common due to the mutual benefits both parties receive [53]. Crowd-sourced data, such as The Big Microplastic Project [54], rely on volunteers to follow a protocol from their website, conduct individual surveys, identify, and record the collected plastic particles. Through crowd sourcing, data were collected from 55 different countries [54]. The downside to crowd sourcing is the inability to check for accuracy, and there are likely misidentified objects and protocols that were not properly followed.



The Indian River Lagoon (IRL), located on the east coast of central Florida, is an Estuary of National Significance and generates USD 7.6 billion per year in revenue [55]. A recent year-long study of the IRL by Walters et al. [48] found an average of 1.5 MPs/liter of surface water, with 44% of samples containing MPs. Lagoon-wide, 70% of filter-feeding oysters contained MPs with an increase in the more urbanized southern lagoon. While this study included 35 locations that spanned the 250 km long estuary, it did not control for proximity to stormwater outfalls, either as open channels or enclosed pipes. The purpose of our study is to determine if stormwater outfalls are adding a significant amount of MP pollutants to this system. To better understand the impact of stormwater outfalls on IRL plastics, our study was run monthly for 12 months at 24 stormwater outfalls plus six control sites (minimum of 1 km from the outfall). Samples were processed in the laboratory following NOAA guidelines [56] with the assistance of citizen scientists. It is essential to understand the regional vectors of MP pollutants to be able to manage this problem. This is especially important in areas protected for their significance to tourism and ecosystem services. Determining the sources of these pollutants is necessary to develop effective management strategies and mitigate future contamination.




2. Materials and Methods


2.1. Study Location and Sampling Methods


The IRL is comprised of three interconnected water bodies, the Indian River Lagoon, Banana River Lagoon, and Mosquito Lagoon, that extend from Ponce de Leon Inlet (New Smyrna Beach) in the north to Jupiter Inlet in the south. The climate is characterized by long, warm summers with mild winters. The IRL is a shallow system with an average depth of 1.22 m [57]. Freshwater rivers, canals, and creeks flow into the IRL and mix with the saline marine water from five Atlantic Ocean inlets to create a brackish environment. Construction and development restrict water circulation, leading to long residence times and an increase in the number of regions susceptible to nutrient loading [55]. Rapid urbanization and population increase have contributed to the poor water quality in the IRL [57]. Moreover, in the last decade, approximately 95% of seagrass populations have died from high nitrogen concentrations and low light availability [58]. Furthermore, intertidal oyster reef acreage declined by 63% between 1943 and 2021 [59]. Increased annual temperatures and salinity levels may additionally be driving the regional tropicalization of fish species [60].



Monthly water samples were collected from 30 sites (Figure 1) during the first week of each month between August 2020 and August 2021. All stormwater outfall sites discharged into the IRL and were located from county maps and discussions with county stormwater managers. Sites were accessible on public lands and were selected by using a random number generator (random.org) and grouped into north, central, and south regions with 8 from each region (Figure 1). Two control sites were also included per region. Although not used to select the stormwater sites, outfalls were later grouped into one of two categories for analyses: culvert (n = 17) or open outfall (n = 7). Culverts had water enclosed in a pipe or cement structure that drained into the IRL, while open outfalls were channels or ditches with water visibly emptying into the estuary.




2.2. Sample Collection and Processing


Water samples were collected by trained citizen scientists associated with the University of Central Florida (UCF) and partnering non-profit organizations. Citizen ages ranged from 16 to 80, and the majority of participants were college students or college-educated retirees. Volunteers were recruited through social media and word-of mouth. Most undergraduate students were focused on degrees in Biology or Environmental Studies, while most retirees were already engaged in working with these non-profits to improve the IRL and wanted to play a more active role. A requirement of participation was reliable transportation and a 12-month commitment to the project. Workshops lasted 3–6 h and educated citizens on MP pollution, field sampling procedures, and MP inspection in the laboratory. All participants were required to pass an MP accuracy test using microscopy. After individuals successfully completed the training, citizen scientists independently collected monthly water samples. MP identification was completed at UCF or under direct observation of a supervisor at associated non-profit agencies.



At each field location, five 1 L bottles of surface water were collected using marine-grade, high-density polyethylene terephthalate containers. The 24 stormwater samples were collected within 1 m of the opening of the stormwater outfall. The 6 control sites were collected from at least 1 km away from any stormwater outfall.



Bottles were rinsed three times prior to collection with 0.45 µm filtered deionized (DI) water in the laboratory and an additional three times in the field with site water before sampling to reduce potential contamination. Samples were collected from the top 5 cm of the surface water without disturbing the lagoon bottom.



In the laboratory, the NOAA procedures [56] for processing MPs were carefully followed. Water samples were separately filtered through 0.45 µm nitrocellulose filter papers using vacuum filtration. The filters had a grid pattern of 3 mm × 3 mm squares, which were used, along with rulers, to measure the MP sizes by comparing the particles to the known dimensions of the gridded filter paper. MPs were measured based on the lengths of their most extended points. Filters were then placed individually in closed, labeled Petri dishes. Each filter was next inspected under a Leica EZ4 microscope at 20–35× magnification to allow observation of MPs as small as 0.001 mm. The abundance, dimensions, type, and color of each MP on each filter were recorded. MP “types” included fiber, fragment, foam, film, and nurdle (microbead).



During each inspection session, 3–5 blank filters were set around the observation area to correct for potential airborne MP contamination [61]. Each blank filter was dampened with 0.45 µm filtered DI water to allow airborne contaminants to adhere to the filters. Blank filters were inspected after each session, and the contamination rate was calculated as contamination per minute (see Craig et al., 2022 [7]).



Due to the scope of this project and our efforts to include citizen scientists, each of the 3 regions collected and processed MP samples at their respective facilities. The Marine Discovery Center collected from the northern region, the University of Central Florida from the central region, and the Florida Department of Environmental Protection from the southern region. Citizen scientists from all locations were trained in MP water collection, microscopic observations, and were closely monitored by the project leads. To maximize consistency and accuracy, the project leads used the same training guides and data sheets and performed quality control by randomly selecting and reinspecting ≥10% of the samples in each region. If any observers were incorrect on more than 10% of their results or if a single sample was either ≥50% higher or lower than the correct value, all Petri dishes assigned to that individual were reanalyzed by the science team.




2.3. Fourier-Transform Infrared Spectroscopy


We used Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy (ATR-FTIR) to identify the polymer composition on 10% of the randomly selected samples from the samples that had at least 1 MP. We analyzed MPs that ranged in size from 0.5 mm to 18 mm. A Shimadzu IRSpirit-T spectrophotometer (Shimadzu, Kyoto, Japan) was used for these analyses. MPs were scanned in the 600 cm−1 to 4000 cm−1 range. Spectra were then matched to the Shimadzu Reference Library using differential derivative point matching (ATIR-FTIR Polymer and Polymer Additives Database #: 220-93143-07, 2020). Only responses that had a 70% or higher match with the standards database were deemed reliable and used in our analyses [62].




2.4. Statistical Methods


Statistical analyses were performed using R 4.0.3 and RStudio version 4.0.3 [63,64]. MP abundance data had a high presence of zeros; therefore, zero-inflated negative binomial generalized linear models (GLM) were used to determine significant differences in MP density. “MP size” data did not meet the assumptions of normality and were log-transformed to meet that assumption required by a GLM. A Kruskal–Wallis test was conducted to compare the MPs/L at culverts and open outfalls. For the analyses, seasons were grouped meteorologically as: spring (March–May), summer (June–August), fall (September–November), and winter (December–February).





3. Results


A total of 958 MPs were identified from 1800 L of water. There were more MPs per liter of water (GLM: p = 0.020) found at stormwater outfalls throughout the year when compared to control locations (stormwater: 0.56 ± 1.62; control: 0.04 ± 1.05; mean ± S.D.; Figure 2). The average contamination rate/minute for the blanks was 0.005 ± 0.018 MPs. Each sample took between 1 and 10 min for the microscopic examination.



At the stormwater site (central region, culvert) with the highest number of MPs recorded, the density was 62.84 MP/L in October, while the largest density of MPs in the control sites was 16.86 MP/L in the same month and region.



MPs were smaller in stormwater sites (GLM: p = 0.008) with a mean length of 2.72 ± 3.05 mm at the control sites versus 2.33 ± 2.98 mm for the stormwater sites (Figure 2). Microfibers dominated all collections (~89%; Figure 3). Moreover, fibers accounted for ~97% of MPs, fragments ~1%, and films ~1% at the control sites. At the stormwater outfalls, fibers composed ~88% of the total MP particles, followed by fragments (~10%), foam (~0.7%), film (~0.7%), and nurdles (~0.5%). The most common MP colors from the outfalls were black (28%) and clear (26%). Black was also the most abundant MP color from the control sites (36%; Figure 3), and both site types had the same top five MP colors (black, clear, dark blue, light blue, royal blue).



When the two types of outfalls were compared, culverts and open outfalls had similar MP densities (GLM: p = 0.60). There was no difference in MP densities between the two types of stormwater outfalls (Kruskal–Wallis test: p = 0.439).



Similar densities of MPs were found in the north and central regions for stormwater outfalls, while the lowest densities were found in the south region (GLM: p < 0.001). The southern stormwater sites and southern control sites did not differ in MP densities. Overall, significantly more MPs were found in October, which contained significantly more MP/L than the next highest month—September (GLM: p = 0.008). With seasons, fall had more MP/L than winter (GLM: p = 0.006), spring (GLM: p < 0.001), and summer (GLM: p < 0.001) (Figure 4).



Of the 34 MPs identified using ATR-FTIR (Figure 5), 20% were organic compounds including cellulose and protein groups. Polypropylene (PP) was the most common plastic material (29%) followed by polyethylene (PE; 18%) and polyethylene terephthalate (PET; 18%). PET is commonly referred to as polyester, a material often used in the manufacturing of clothing. We found PP fragments in clear, green, and black colors (n = 5 for each), and clear PE fragments (n = 4). Other non-fibers included three clear high-density polyethylene (HD-PE) fragments and one white polystyrene fragment.



Twenty-seven workshops trained 72 citizen scientists who dedicated 1042 h of their time to this project. At the federal volunteer value of USD 24.04 per hour in 2021, this project thus received USD 250,437 in match from the community. With QA/QC protocols in place to track inaccuracy, we are confident in the validity of the collected data. Of the 72 volunteers, Petri dishes had to be reanalyzed for only one individual (1.4% of total volunteers). This individual consistently misidentified and overinflated MP counts in their observed samples. This error was discovered after QA/QC was performed on the samples. Consequently, all of the samples completed by this volunteer were reanalyzed by members of the science team.




4. Discussion


The Indian River Lagoon (IRL) has already been described as an MP hotspot with MP accumulations reported in the literature from both surface waters (1.5 MP/L) and within the tissues (2.2 MP/individual), feces (0.33 ± 0.15 MP/mg biodeposit weight), and pseudofeces (0.28 ± 0.15 MP/mg biodeposit weight) of the filter-feeding oyster Crassostrea virginica [65]. This is the first study to investigate stormwater as a source that adds MPs to the IRL. From sampling 1800 L of water, a total of 958 MPs (0.53 MP/L) were recorded. Approximately eighty-five percent (n = 813) of the total MPs entered the IRL through stormwater outfalls, 66% (n = 544) via closed culverts, and the remainder through open outfalls. MPs (n = 145) were, however, found at the control sites. The control sites were located adjacent to land, and therefore direct contamination from land-based activities, including roads within meters of the IRL, was likely. Contamination at both stormwater and control sites from airborne MPs was additionally possible [66].



It is interesting that the mean density (0.53 MP/L) was lower than that found by Walters et al. [48] of 1.47 ± 0.09 MP/L. This difference may be the result of the collection locations. Walters et al. [48] visited public parks for many collection sites, while the stormwater outfalls and controls were in more remote areas. Weather conditions may have also impacted the results, especially fall storms where both projects reported the highest MP densities. Major Hurricane Dorian (Category 5) in September 2019 and multiple tropical storms occurred during the study by Walters et al. [48], while Hurricanes Sally (Category 2) in September 2020 and Elsa (Category 1) in July 2021 occurred in Florida during the present study. The month of October had the overall highest number of MPs, followed by September. These months are categorized under the fall season in Florida (September–November). Fall is also known as hurricane season and associated “high water season” in parts of the IRL. Storms and associated winds generally move from east to west across the Atlantic Ocean during this season. Higher water levels increase the movement and distribution of MPs in coastal areas [67], likely through the abrasion of beach sediment and structural materials. Rainfall is, of course, a key variable during the Florida wet season, and it has a major influence on the abundance of MPs and other pollutants transported by stormwater [45]. A study from de Jesus Piñon-Colin et al. [68] found a direct positive correlation between rainfall (mm) and MPs in stormwater. The most MPs are added during the “first flush” [69], or the beginning of a rain event [38,42]. The results from Barrows et al. [70] indicated variable MP abundances and no correlation to rain events and concluded that stormwater was not an MP source in their area. Barrows et al. [70] noted diluted MP discharge from stormwater after a rain event. The reason for MP dilution in their samples was likely because of the first flush event. In the present study, rain events were not noted, and monthly rainfall data had no correlation with MP abundance at the sites.



A review of 11 papers by Shruti et al. [71] found that microfibers account for most of the MPs in stormwater, followed by fragments. These results are consistent with the findings in this study. Fibers likely originate from synthetic clothing fibers, boat lines, or from larger plastic materials. As clothing is worn, washed, and exposed to the elements, MP fibers are shed [72]. Synthetic fibers, including PET, polyamide (nylon), and PP, make up the largest portion of produced clothing fibers, with more than double the market share over natural fibers in 2020 [73]. This study quantified the MP contamination in surface waters, where fibers are more likely to occur due to their small size and buoyancy. Thirty-five percent of MPs that were processed using ATR-FTIR were either PP or PET fibers. Fifty percent of MPs in this study were ≤1.5 mm and 84.5% were ≤3.0 mm. Longer and larger MPs may pose more of a toxicological risk to biota [74], while smaller MPs are easily bioaccumulated and transferred across trophic levels [5,75]. Heavier MPs will sink and accumulate in the substrate [76,77], as will aged MPs after accumulating biofouling [78]. Quantifying the MP abundance in the substrate adjacent to stormwater outfalls would be valuable to obtain a more accurate representation of MP occurrence. For this study, we focused on quantifying the MPs in surface water, as stormwater effluents add new MPs to the water column.



PP and PE are among the most prevalent mass-produced plastic fibers and resins [1]. Through ATR-FTIR processing, we found PP (29%) was the most common MP found. These findings are similar to a review from Gago et al. [79], where PP and PE fibers were found to be the most common MP type in surface waters. Liu et al. [80] also found PP was the most common MP type in sediment and water samples from stormwater retention ponds, although most of the MPs were fragments. PE (18% of tested samples) was the second most abundant MP type found in this study and accounted for the largest tonnage of produced plastic materials [1]. PE, like PP, is used to make many everyday products including food packaging, household items, toys, and construction materials. Mak et al. [81] found a majority of MPs in stormwater and wastewater in Hong Kong, China, were PE (32.9%) followed by PP (20.3%). These results support the proposition that PP and PE are two of the most ubiquitous MP materials being circulated in marine environments. We found that all (n = 3) of the HD-PE samples identified were clear fragments, consistent with the sampling bottle material, posing a concern for potential contamination during collection and storage. For future studies, using glass bottles or alternative non-plastic materials may reduce potential MP contamination in the samples.



Both the stormwater outfalls and control sites had black fibers as the most abundant MP color and type. Black fragments may originate from car tire wear that is washed into storm drains during rain events [82,83,84]. However, more FTIR processing is necessary to determine the source of the black MPs in the samples. Tires are made up of a blend of materials and undergo changes in chemical composition when exposed to weathering and therefore can be difficult to determine [85]. Grbic et al. [41] used chemical identification to confirm 22% of MPs in stormwater studied in Lake Ontario were derived from tire/road wear. Further, the authors found fibers dominated in wastewater effluent, while rubbery tire materials were more common in stormwater. We found a total of 283 black MPs. Of those, n = 15 were fragments, and the remainder were fibers. There were no black fragments at the control sites. It is difficult to determine if these black MPs originated from tire wear since most of the MPs were fibers.



Unlike most wastewater infrastructure, culverts do not pass through a natural buffer, and directly discharge polluted water into aquatic environments. Culverts are not considered a best management practice (BMP) and do not attempt to improve water quality. Open outfalls are characterized by a stream that leads into the estuary, thus providing the opportunity for buffering or atmospheric MP depositions. There are now technologies being employed to prevent stormwater from carrying pollutants to marine environments. Retention ponds and stormwater wetlands are man-made depressions constructed to hold stormwater runoff, improve water quality, and avoid flooding. The hydraulic residence time facilitates absorption and allows natural processes including bacterial degradation and settling to break down the pollutants before they are carried downstream [86,87]. Retention ponds also create aquatic habitats for important species and increase connectivity, offsetting some of the impacts of urbanization [88,89]. These ponds may also act as a sink for MPs, nutrients, and pollutants [77,90,91]. Nonetheless, stormwater retention ponds and wetlands are, respectively, 85–99% and 28–55% effective at removing MPs from stormwater outflows [92]. Stormwater retention ponds provide multiple ecosystem services and should be considered for implementation in urban areas affected by polluted stormwater runoff.



There are differences in residence times in each section of the IRL due to the unique and varying geography. The tributaries that add freshwater into the IRL are considered a source of MPs, which circulate throughout the system before being flushed out by inlets [65]. The IRL’s circulation patterns and flushing have been impacted by the construction of large structures, including bridges and man-made islands [93]. The northern section of the IRL, including Mosquito Lagoon and Banana River, are considered “negative estuaries”, and experience stagnant water, limited connectivity, and long pollution residence times [93,94]. Water movement models of the northern IRL estimate renewal times of >230 days, compared to ≤7 days throughout the central and southern IRL [95]. Our results showed more MP/L being added at the north and central control and stormwater sites compared to the south (GLM: all p < 0.0001). Long retention times and continuous MP additions contribute to the northern IRL forming an MP hotspot. Mosquito Lagoon and the northern IRL do not have freshwater tributary inputs that would encourage water circulation or contribute to MP accumulation, suggesting stormwater could be a main source of MP pollutants in this section. Other studies found the southern IRL to be a hotspot with the highest abundance of MPs recorded [48,65], which was likely attributed to the major St. Lucie estuary inputs. Regional differences in MP abundance could have been due to weather patterns shortly before collection, and local land-based activities. MP loads tend to be highly variable across spatial and temporal scales.



MPs can be difficult for volunteers to positively identify. Therefore, sampling protocols, QA/QC, and oversight are essential. When conducted correctly, citizen science studies can provide valuable data with accurate results. Velde et al. [96] collected survey data from children and adult volunteers that were equivalent in quality to data collected by researchers. However, the study from Velde et al. [96] had citizen scientists identifying larger plastic debris. In our study, the citizen scientists that assisted were trained in MP identification and supervised, and sample data were checked, corrected as necessary, and validated by supervising researchers. In this study, we encountered few errors from our citizen scientists, except from one individual among the 72 participants, that required a complete reanalysis of the MPs in Petri dishes.



To reduce the chance of false identification of MPs, most citizen science studies [70,97,98,99] use volunteers to collect samples before sending the samples to a laboratory for researchers to process and identify MPs. Other studies did use citizen scientists to process samples and identify MPs, but they simplified the identification methods. Nel et al. [100] used Nile red staining in the MP samples to lower the chances of falsely identifying MPs in citizen scientist-led identification. A study by Hidalgo-Ruz and Thiel [101] trained school children (ages 8–16) from Chile to collect and identify macroplastics and MPs. MP samples were then sent to a laboratory to be reanalyzed. Hidalgo-Ruz and Thiel [101] adopted a simplified approach where the students would only quantify MPs > 1 mm. However, even with this simplification, students had low accuracy in identifying true MPs. The authors [101] recommended making an illustrative guide for identifying the MPs available, which we also found helpful in the present study. While their data were unreliable, the participants noted positive social and educational benefits from the experience [101]. While using citizen scientists contributes essential data, it also introduces the potential for challenges and inaccuracies that demand vigilant oversight during data review. Jones et al. [102] had highly accurate data (93%) obtained from citizen scientist students (ages: 15+) who collected and identified MPs on beaches in Ecuador. Studies that utilized citizen scientists for both collecting and processing the samples, as in ours, checked and corrected data. Therefore, citizen science projects with trained volunteers and QA/QC protocols yield reliable results. Through citizen science projects, the public becomes aware of current environmental issues, increasing their scientific literacy, and making them more likely to advocate for positive environmental change in their communities [53]. Additionally, utilizing citizen scientists can be beneficial to expanding the scale and geographic reach of research which would otherwise be financially unattainable.




5. Conclusions


Using citizen scientist volunteers, we were able to study sources of MP pollution across the entirety of the IRL and process 1800 L of water. Limited flushing and long residence times likely contribute to the IRL being an MP hotspot. Our results describe a persistent MP addition to the IRL through stormwater outfalls. Current MP reduction methods do not efficiently remove MPs [103]. This study confirms stormwater outfalls deposit plastic pollution directly into marine environments, and MP mitigation strategies focused on stormwater and water filtration should be a priority. Future research comparing the MP types in surface waters and surrounding sediment from stormwater outfalls could provide a more complete picture of stormwater deposits.
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Figure 1. Water sampling locations in the Indian River Lagoon (IRL). 
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Figure 2. (a) MPs per L: control vs. stormwater sites (GLM: p = 0.02). (b) MP size was smaller at stormwater sites (GLM: p = 0.008). 
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Figure 3. (a) MP types categorized by “stormwater” and “control” sites; (b) MP colors from stormwater and control sites. 
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Figure 4. Winter (GLM: p = 0.006), spring (p < 0.001), and summer (p < 0.001) all had. Different letters at the top of the figure represent seasons that were different at the p < 0.05 level. 






Figure 4. Winter (GLM: p = 0.006), spring (p < 0.001), and summer (p < 0.001) all had. Different letters at the top of the figure represent seasons that were different at the p < 0.05 level.



[image: Environments 10 00181 g004]







[image: Environments 10 00181 g005] 





Figure 5. ATR-FTIR results. 
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