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Microplastics (MPs) are anthropogenic contaminants found in coastal and marine environments worldwide. Pacific razor clams (Siliqua patula), important for local indigenous culture, economy, gastronomy and food security along the United States West Coast, are subjected to myriad environmental stressors including predation, storm events, disease, toxins, and MPs. This study aimed to determine MP burdens in Olympic Coast, Washington Pacific razor clams and estimate annual MP exposure of recreational razor clam harvester-consumers from eating this species. We quantified suspected MP burdens in Pacific razor clams collected from eight tribal, recreational, and commercial harvest areas on the Olympic Coast in April 2018. We administered questionnaires to 107 recreational razor clam harvesters during the same timeframe to determine consumption patterns, preparation styles, knowledge and concerns about MPs, and demographics. Razor clams containing suspected MPs, primarily microfibers, were found at all eight sites. Average suspected MP burden differed by sample type (whole = 6.75 ± 0.60, gut-tissue = 7.88 ± 0.71, non-gut tissue = 4.96 ± 0.56, and cleaned samples = 3.44 ± 0.25). FTIR analyses of a random subset of microfiber-type MPs in whole and cleaned clams indicated material types of polyethylene terephthalate, cellulose acetate, cellophane, polyester, nylon, and cellulose. The average number of razor clams consumed per meal by Olympic Coast recreational razor clam harvesters was 4.27 ± 0.27, which varied by gender and ethnicity, but not income or age. Harvesters ate 0–209 meals/year of razor clams (16.2% harvested but did not eat razor clams), and most respondents (88.3%) fully cleaned razor clams before consuming them. Annual suspected MP exposure for razor clam harvester-consumers was 60–3,070 for cleaned and 120–6,020 for whole clams. Our findings suggest Olympic Coast recreational razor clam harvester-consumers are exposed to low levels of MPs from eating razor clams. MP exposure can be reduced by roughly 50% if clams are cleaned before consumption. Our work serves as an important reference in the growing portfolio of Pacific Northwest microplastic research, to inform future MP attenuation recommendations and development of human health standards for this type of pollution.
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INTRODUCTION

Coastal organisms are subjected to a myriad of environmental stressors ranging from the predictable, such as changing tides, predation (e.g., by sea otters, fish, birds, and whales), and seasonal food availability, to the less predictable including storm events, disease, toxins, and environmental contaminants. Though numerous definitions exist, microplastics (MPs)–polymers between 1 μm and 5 mm in size (Frias and Nash, 2019)– represent a diverse contaminant suite (Rochman et al., 2019). These particles, either manufactured at this size or formed as breakdown products of larger plastic items, make their way to coastal environments via household gray water, wastewater treatment plant effluent, stormwater, rivers, atmospheric deposition and other means (e.g., Napper and Thompson, 2016; Lebreton et al., 2017; Mintenig et al., 2017; Zhang, 2017; Zhang Q. et al., 2020; Zhang Y. et al., 2020). Present in coastal and marine environments worldwide, plastics are incorporated into all environmental compartments (air, water, sediment, sand, soil, biota) and affect roughly 700 known species to date– a number that continues to grow with the addition of new research (Provencher et al., 2017). MPs have been found in a variety of edible seafood species globally (e.g., Van Cauwenberghe and Janssen, 2014; Li et al., 2015; Rochman et al., 2015; Davidson and Dudas, 2016; Lusher et al., 2017; Phuong et al., 2018), suggesting that marine predators and even human consumers of these species are exposed to MPs; however there are also myriad other non-seafood human consumables known to contain MPs including drinking water (e.g., Eerkes-Medrano et al., 2018; Tong et al., 2020), table salt (e.g., Kim et al., 2018; Cho et al., 2019; Lee et al., 2019), milk (Kutralam-Muniasamy et al., 2020), honey (Liebezeit and Liebezeit, 2013), beer (Liebezeit and Liebezeit, 2014), and packaged meats (Kedzierski et al., 2020). With trophic transfer of MPs previously demonstrated in laboratory settings (Farrell and Nelson, 2013; Nelms et al., 2018), there is little doubt that MPs are now inextricably incorporated into marine food webs and the human diet (Barboza et al., 2018; Carbery et al., 2018).

The Pacific Razor clam (Siliqua patula) is found on intertidal beaches along the Pacific coast of North America from Alaska to southern California (Link, 2000). On the Olympic Peninsula, Washington (WA), United States which supports the largest population of harvest-sized individuals within the species’ range, razor clams rely on the rich coastal waters to settle and grow (Huppert and Trainer, 2014). This historically important species is a key traditional food and cultural resource, and serves as a vital form of income for members of the Quinault Indian Nation and other Olympic Coast peoples (Crosman et al., 2019).

While there is a distinctive lack of data on the prevalence and effects of MPs in commercially important North American fishery species (Baechler et al., 2020b), recent research indicates that Pacific Northwest bivalves from less developed coastal areas are not immune to MP contamination (Davidson and Dudas, 2016; Covernton et al., 2019; Baechler et al., 2020a; Martinelli et al., 2020). Determining the prevalence of MPs in organisms from varied geographies provides context for environmental concentrations, bioavailability to marine species and potential risk to human consumers. Investigating MP prevalence in marine and seafood species from relatively undeveloped coastal areas contributes to our understanding of the range of environmental and human exposure to MPs through seafood consumption in areas of relatively low human impact. MPs become incorporated into bivalves through ingestion or adherence to soft tissues (e.g., de Witte et al., 2014; Mathalon and Hill, 2014; Kolandhasamy et al., 2018; Abidli et al., 2019; Teng et al., 2019), with potentially negative physiological impacts including increased respiration, altered reproduction and feeding, inflammation, neurotoxicity, and decreased energy reserves (e.g., von Moos et al., 2012; Avio et al., 2015; Sussarellu et al., 2016; Ribeiro et al., 2017; Xu et al., 2017; Bour et al., 2018).

We initiated this study on the sparsely populated Olympic Coast, WA, United States. to determine: (1) microplastic burdens in Pacific razor clams from the Olympic Coast; (2) annual human microplastic exposure ranges from Olympic Coast razor clam consumption based on clam preparation styles, consumption frequency and consumer demographics, and (3) level of knowledge and concerns Olympic coast razor clam harvesters have regarding microplastic exposure from seafood.

We expected MPs would be present in Olympic Coast razor clams, as has been found in other filter-feeding bivalves (clams, oysters) in the region (e.g., Davidson and Dudas, 2016; Covernton et al., 2019; Baechler et al., 2020b; Martinelli et al., 2020) and in a number of clam species globally (e.g., Li et al., 2015; Su et al., 2018; Abidli et al., 2019; Sparks, 2020), but that MP burdens would be highest at northernmost sites due to outflow from Puget Sound and the Salish Sea– waterbodies adjacent to the populous Seattle metropolitan area abutting the Olympic Peninsula. This hypothesis was founded upon the assumptions that densely populated areas can lead to high concentrations of MPs in the coastal marine environment, due to land-based inputs (Barnes et al., 2009; Hantoro et al., 2019), and that waterborne MP concentrations partially dictate bivalve MP burdens (Qu et al., 2018). We predicted Puget Sound and the Salish Sea would transport substantial waterborne MPs to the Olympic Coast, based on both existing hydrographic models of water movement from the highly populated Salish Sea region to the sparsely populated northern Olympic Coast (Pirhalla et al., 2009) and MP transport in coastal littoral drift cells- pockets of water (and associated particulates or contaminants) of varying energy levels that move alongshore (Black et al., 2018; Horn et al., 2019).

We hypothesized annual Olympic Coast razor clam harvester-consumer MP exposure would vary depending on clam preparation style, ethnicity, and frequency of consumption. This hypothesis was based on the knowledge that some ethnicities consume more seafood per capita than the general population, resulting in greater exposure to seafood-associated contaminants (Sechena et al., 1999; Mahaffey et al., 2009; EPA, 2014; Cisneros-Montemayor et al., 2016). Lastly, we hypothesized that razor clam harvesters would possess varying knowledge and concerns about MPs in seafood.



MATERIALS AND METHODS


Study Area Context

“When the tide is out, the table is set” is a common saying on the Olympic Peninsula, the rugged coastal region which forms the western border of WA, United States (Charles et al., 2004). In this ecologically productive area, as in others across North America, harvest of the nearshore seafood bounty by Native Americans has occurred since time immemorial and is significantly integrated into local indigenous culture, economy, gastronomy, and food security (Olson, 1936; Charles et al., 2004; Anderson and Parker, 2009; Lepofsky et al., 2015).

The Olympic Coast is a region of low human presence relative to other coastal areas in North America. It is sparsely populated by about 195,000 people at a density of 12 people/km2 (30 people/mile2) in coastal Jefferson, Clallam, Grays Harbor, and Pacific counties (U.S. Census Bureau, 2012), with a very low proportion of developed lands compared to other land use types based on 2010 data (Supplementary Appendix 1; NOAA, 2020). For comparison, in the United States, average coastal population density (excluding Alaska) was 446 people/mile2 in 2010 (NOAA Office for Coastal Management, 2020). 2010 land cover data for the four coastal Olympic Peninsula counties (Clallam, Jefferson, Grays Harbor, Pacific) show forests are the most dominant land type, followed by scrublands (NOAA, 2020; Supplementary Appendix 1). While the west coast of the United States has the state with the highest coastal-dwelling population (California–26.5 million people), the east and gulf coasts have states with the second through fifth highest coastal populations (New York–16 million people; Florida–15.3 million people; New Jersey–7.1 million people; Texas–6.6 million people), providing evidence that coastal living is prized nationwide (Crossett et al., 2013; NOAA Office for Coastal Management, 2020). Unfortunately, land development, particularly near densely populated coastlines, can impact coastal ecology through environmental degradation such as loss of habitat for native species, erosion, and pollution in various forms (nutrient, chemical, noise, light, plastic).

The allure of the razor clam attracts thousands of visitors to the Olympic Coast’s sandy shores annually, as they try their luck at clamming during one or more recreational fishery openers. The recreational fishery injects what are usually sleepy coastal towns with visitors, filling hotels and restaurants to capacity, and bringing millions of dollars annually into coastal community economies. Roughly 250,000 clam digger trips are logged in this region each year (Huppert and Trainer, 2014).

Razor clams are co-managed in WA by both the Department of Fish and Wildlife (WDFW) and by tribal governments (Wyer, 2013). Tribal (ceremonial, subsistence and commercial) and state (recreational and commercial) fisheries have unique rules for who can participate and where harvest can occur. The Quinault Indian Nation is the sole manager and harvester of razor clams on beaches within their reservation boundaries (Figure 1). The Quinault Nation’s treaty rights extend to beaches north and south of their reservation, within their legally defined “usual and accustomed fishing grounds” (U&A), where they co-manage razor clams with WDFW and other tribes. Fifty percent of total allowable harvest is reserved per treaty between the United States and the Quinault people on U&A areas off-reservation (shared with the Hoh Tribe on Kalaloch Beach to the north), with the remainder available for recreational harvest in the state-managed fishery (Anderson, 1999). Commercial and subsistence razor clam harvest off-reservation is regulated by Quinault Indian Nation for tribal members at Copalis, Mocrocks, and Kalaloch beaches. Recreational harvest is permitted by WDFW on set harvest dates, and is open to anyone with a WA shellfish harvest permit (Crosman et al., 2019).
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FIGURE 1. Modified publicly available map of recreational and commercial razor clam beaches on the Olympic Peninsula, Washington, with razor clam collection sites (orange circles) and sites where both razor clams were collected and clam harvester surveys were conducted (yellow circles) in April 2018. Sample beaches included (from North to South): Kalaloch beach, Point Grenville beach (within the Quinault Indian Reservation), Mocrocks Beach, Copalis Beach, Twin Harbors and Long Beach. Original map source: http://wdfw.wa.gov/fishing/shellfish/razorclams/.




Microplastic Prevalence in Study Species


Sample Sites and Collection

Olympic Peninsula clams were collected from eight coastal beaches (Figure 1; Kalaloch, Point Grenville, Mocrocks, Copalis, South Copalis, North Twin Harbor, South Twin Harbor, and Long Beach) in April 2018 to quantify types and burdens of MPs in their tissues. Fifteen clams were collected at each of the eight sites, except at Mocrocks beach where only fourteen were collected due to challenging harvest conditions. Razor clams sampled averaged 69.90 ± 2.63 g wet body weight per individual (range = 4.66–167.02 g); therefore, on average, roughly 1.05 kg of razor clam tissue was collected per site (except at Mocrocks beach due to only fourteen clams being collected). Clams were not selected by size; rather, the first fifteen clams obtained per site were retained for analysis. Clams were transported in clean, covered 2L glass mason jars on ice to the Applied Coastal Ecology lab at Portland State University in Portland, Oregon (OR), where the exteriors of the organisms were rinsed with filtered deionized (DI) water filtered to 0.2 μm (Shelco MicroVantage WGPS02–20S7S213) and biological measurements (shell length in mm, body tissue weight in g) were collected. Individual organisms were processed as either whole (n = 7 individuals for each site), gut-tissue separated (n = 3 individuals for each site, divided into three gut-only and three tissue-only samples), or cleaned samples (n = 5 per site). “Whole” organisms were minimally processed except for shells being rinsed, to mimic MP burdens if the clam was consumed by an animal predator. “Gut-tissue” samples (stomach, intestine, and crystalline style) were separated from “non-gut tissue” samples (all remaining tissue; Table 1). “Cleaned” samples were prepared as if to be eaten by a human consumer; in order to remove gritty sand and other debris inside of or stuck to the clam, the tip of the siphon was removed, and both the incurrent and excurrent siphons were split using cleaned stainless steel scissors and rinsed thoroughly under a running filtered DI water tap. The clam foot was also split and thoroughly rinsed under a running filtered DI water tap. Digestive organs and gills were removed using cleaned stainless steel scissors (Table 1). Each sample was rinsed into individual cleaned and labeled mason jars and frozen at −20°C (Table 1). Of the 138 clam samples analyzed in this study, 52 were whole, with others separated into gut and tissue samples (“gut-tissue”; n = 24, and “non-gut tissue,” n = 23, respectively), or fully cleaned (“cleaned”; n = 39).


TABLE 1. Descriptions of the four clam sample types included in this study.
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Sample Processing

Samples were thawed and digested individually using the protocol described in Baechler et al. (2020a). In brief, samples were individually chemically digested using a 10% potassium hydroxide (KOH) solution, then underwent a second 10% KOH digestion combined with hypersaline density separation (330 g/L Fisher Chemical Certified ACS Crystalline NaCl) and were visually analyzed for MPs under a Leica M165C stereomicroscope (10–120× magnification). Each suspected MP encountered was photographed with a Leica IC80 HD camera connected to a computer running Leica Application Suite X imaging software. Particle category (bead, fiber, fiber bundle, film, fragment, foam, unknown), color, and maximum length were recorded. All clam sample types (whole, gut-tissue, non-gut tissue, cleaned) underwent identical procedures during collection, transport, digestion and microscope analysis. In a randomly selected subset of approximately 10% of suspected MPs (53 total) extracted from whole and cleaned clams, material types were determined using a Thermo Nicolet is 20 Fourier-transform infrared spectrometer (FTIR) and iN5 microscope fitted with an Attenuated Total Reflectance accessory and germanium tip running at 128–512 scans in the Brander laboratory at Oregon State University. Spectral outputs were compared to FTIR spectral libraries (Omnic polymer database, Primpke et al., 2018, 2020), with a 70% minimum match threshold to determine a quality spectrum and material type. Material type was determined by the match with the highest percentage.



Quality Assurance/Quality Control

Microplastics and other anthropogenic fibers are airborne, waterborne, and present on surfaces, and are therefore inadvertently introduced to samples during laboratory processing or analysis. These anthropogenic fibers–MPs or otherwise–labeled “contamination,” are important to quantify, as they provide context for final particle counts. To minimize contamination, clams were immediately rinsed with filtered DI water and placed in cleaned, rinsed and covered 2L mason jars after field collection. One hundred percent cotton clothing and lab coats, as well as nitrile gloves were worn at all times in the laboratory during sample processing, chemical digestions, and microscope analyses. Nitrile gloves were changed after every sample, after handling tools or touching surfaces. Glassware and tools were all rinsed three times with filtered DI water between uses, and glassware was covered with cleaned watch glasses at all times. To quantify contamination, two control types (procedural and microscope blanks) were used to provide a snapshot of anthropogenic fibers inadvertently introduced into clam samples during laboratory processing and analysis (Brander et al., 2020). Procedural controls were samples of 50 ml filtered DI water run through the same chemical digestion and sieving steps as other sample types; microscope blanks were glass petri dishes filled with filtered DI water placed on the microscope base and left open to the air during visual inspection of samples for MPs (Baechler et al., 2020a; Supplementary Appendix 2). One procedural control was processed during each of the 4 weeks of laboratory chemical digestions (n = 4), and one microscope blank was processed per sample immediately following visual microscope analysis of that sample (n = 145).



Calculations and Statistical Analyses

Microplastics in this study refers to post-digestion visually identified fibers and few particles suspected to be plastics, a subset (10%) of which were validated using FTIR; while the validated subset was randomly selected, we cannot be certain of the material types or origins for all MPs in this study. To identify any differences in MP burden between sample sites or between sample types (whole, gut-only, tissue-only, and cleaned) analysis of variance (ANOVA) and post-hoc Tukey tests were conducted. Variables including the number of MPs per sample and per gram of tissue (MP g–1 tissue) were square root transformed to normalize data prior to conducting statistical analyses. Linear regression models were used to examine relationships between biological parameters (shell length, body tissue wet weight) and MP burdens (per whole individual and g–1 tissue) and were expressed as number of MPs per sample or g–1 tissue (wet weight; whole organisms only). The statistical cutoff (alpha) for all tests was 0.05 with standard error (SE) reported.




Razor Clam Harvester Questionnaire


Questionnaire Sites and Protocol

Written questionnaires were administered to recreational razor clam harvesters 18 years of age or older after concluding clamming activities at Mocrocks and Copalis beaches on April 21–22, 2018 (Figure 1). Frequencies of razor clam consumption, preparation type, number of individual razor clams consumed per meal, and demographics of respondents were determined using these questionnaires (Supplementary Appendix 3). Estimates of recreational razor clam harvester MP exposure were calculated based on self-reported razor clam consumption frequencies. While not central to research questions, data on consumption of other non-razor clam marine seafood species were also collected to provide further context to study results (Supplementary Appendix 4).

The questionnaire surveying effort occurred during state-managed recreational fishery openings on 2 days in April 2018 and not during tribal commercial or subsistence fishery opening dates. Thus, local tribes (Quinault, Quileute, Hoh, and others) were poorly represented in the survey. Questionnaires were administered within 2 h of low tide each day, with surveys beginning at 10:00am (low tide at 11:38am) and 11:00am (low tide at 12:30pm) on April 21 and 22, respectively. Three teams of two surveyors dispersed along the beach to cover as large an area as possible. Surveyors monitored the shoreline for every sixth clam harvester party that visually indicated they had completed clamming activities (i.e., turning their backs to the shore and walking toward the vehicle line carrying clam bag, shovel and any other equipment or personal effects). Surveyors intercepted a clam harvesting party, provided a brief description of the research project and asked if a representative of the party would be willing to complete a questionnaire. Upon agreement, they were provided a clipboard with the questionnaire and a pencil attached. Respondents wrote in answers themselves unless they requested for surveyors to write as they dictated. Responses were at-will (not required) except the first question indicating the respondent was 18 years of age or older (Supplementary Appendix 3); therefore, not all respondents answered every question.



MP Exposure Calculations and Statistical Analyses

Microplastic exposure ranges of Olympic Coast razor clam harvester-consumers from razor clam consumption were calculated by multiplying minimum and maximum positive consumptive responses (i.e., smallest non-zero consumption frequency) per season (winter, spring, summer, fall) by average suspected MP burden for whole or cleaned clams across all eight sample sites. These exposure ranges include a combination of MPs and fibers of unknown origins, based on FTIR results for randomly selected fibers in whole and cleaned clam samples. Seasonal totals were combined to generate MP exposure estimates. For our purposes, each season was represented evenly in 3-month (13.05 week) blocks.

Questionnaire data were plotted using Microsoft Excel and the R-studio statistical program (v1.2.1335). ANOVA, post-hoc Tukey tests, and Welch’s t-tests were run using the aov, tukey test and t-test functions in R-studio (R Core Team, 2020) to identify differences in MP exposure among demographic groups based on gender, age, income, ethnicity or education level. Standard error (SE; alpha = 0.05) was reported with averages. Razor clam consumption by ethnicity was reported but not analyzed for statistical differences due to small sample size for some ethnicities; instead, a Welch’s t-test was performed to elucidate differences in razor clam consumption between White/Caucasian and all other ethnic groups. For the single open-ended questionnaire item “Please expand on what concerns you have about MPs in your food,” responses were categorized into seven themes based on the short, written responses provided (Table 3).





RESULTS


Biological Measurements

Razor clams averaged 115.71 ± 1.29 mm shell length (range = 63.91–156.76 mm) and 69.90 ± 2.63 grams (g) wet body weight (range = 4.66–167.02 g), as the first 15 clams harvested per site were retained regardless of size. Average clam size was similar for all sites except for the northernmost Kalaloch beach, where clams were significantly smaller than other sites for both shell length (avg = 102.85 ± 2.25 mm; range = 81.38–114.88 mm; F7,43 = 4.00, p = 0.002) and wet body weight (avg = 32.45 ± 2.12 g; range = 15.37–45.10 g; F7,44 = 7.60, p < 0.0001).



Microplastic Characteristics and Identification

Suspected MPs were found in razor clams at all eight sample sites. In total, 799 suspected MPs were found in the 138 clam samples collected during this study. Over 99% of suspected MPs encountered were microfibers (n = 793) with an average length of 1.33 ± 0.04 mm (range = 0.11–7.84 mm; Supplementary Appendix 5). Other categories represented were: unknown (n = 3), fiber bundles (n = 2), and fragments (n = 1). Colorless, blue, gray, and black were the most commonly observed colors at 55.19% (n = 441), 19.27% (n = 154), 12.27% (n = 98), and 4.63% (n = 37), respectively (Supplementary Appendix 6). FTIR analysis of 53 randomly selected suspected MPs (10.83% of suspected MPs encountered in whole clams and 10.45% of suspected MPs encountered in cleaned clams) yielded reliable matches for 52 fibers and verified that a total of 80.77% of the 52 fibers with matches were either synthetic (48.08%, n = 25), including polyethylene terephthalate (PET) (n = 21), polyester (n = 3), and nylon (n = 1), or semi-synthetic (32.69%; n = 17), including cellulose acetate (n = 11) and cellophane (n = 6; Supplementary Appendix 7,8). Cellulose, a naturally derived material, was also identified (n = 10; 19.23%). One additional suspected MP was analyzed but its spectral match did not meet the 70% minimum threshold; material type for that fiber was unconfirmed and reported as “low spectral match.” The average match used for identification was 86.6% ± 1.0%.



Microplastics Prevalence

Whole clams and gut-tissue samples contained more MPs per sample than cleaned clams (p = 0.0004 and p < 0.0001, respectively), and gut-tissue samples contained significantly more MP than non-gut tissue (p = 0.017; Figure 2). Across all sites, average whole clam suspected MP burden was 6.75 ± 0.60 (range = 0–20, n = 52; Figure 3A). For gut-tissue, non-gut tissue, and cleaned samples, average MP burdens across all sites were 7.88 ± 0.71 (n = 24; range = 3–16), 4.96 ± 0.56 (n = 23; range = 0–12), and 3.44 ± 0.25 (n = 39; range = 0–6), respectively. When comparing the number of MPs in all four sample types (Table 1) across all sites, significant differences were identified (F3,134 = 9.858, p < 0.0001). For whole clams, average MP g–1 burden was 0.15 ± 0.03 (range = 0–1.17, n = 52; Figure 3B). MP g–1 tissue differed by site, with higher MP g–1 tissue found at the northernmost Kalaloch site than all other sites (F7,44 = 7.171, p < 0.0001). Site-specific differences in MP g–1 tissue were identified between Kalaloch and: Copalis (p = 0.0002), Long Beach (p < 0.0001), Mocrocks (p = 0.002), North Twin Harbor (p = 0.003), South Copalis (p < 0.0001), South Twin Harbor (p = 0.0006), and Point Grenville (p = 0.01; Figures 3A,B). In contrast to differences in MP g–1 tissue, the number of MPs per clam differed minimally across sites (F7,44 = 1.892, p = 0.09). Number of MPs did not differ among sites for gut-tissue (F7,16 = 1.095, p = 0.41) or non-gut-tissue samples (F7,15 = 1.076, p = 0.42), but did for cleaned clams (F7,31 = 3.020, p = 0.02) for two site pairings: Copalis and South Copalis (p = 0.01) and South Copalis and North Twin Harbor (p = 0.04). Neither clam shell length (in mm; F1,49 = 0.941, p = 0.34) nor body weight (g wet weight; F1,50 = 0.010, p = 0.92) correlated with the number of MPs per whole organism.
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FIGURE 2. Number of microplastics (MPs) by sample type. CW = whole clam (n = 52); CG = gut-tissue only (n = 24); CT = tissue-only (n = 23); CC = cleaned clam (n = 39). No. = number. Black hashed line indicates average microscope blank contamination (Avg = 0.23 MPs/sample; n = 145). Blue hashed line indicates average procedural control contamination (Avg = 3.25 MPs/sample; n = 4). Bold numbers above boxes indicate average number of MPs per sample type.
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FIGURE 3. (A,B) Number of microplastics (MPs)- (A) Per individual whole razor clam, with red line indicating average number of MPs for all eight sites (Avg = 6.75 MPs/individual), black hashed line indicating average microscope blank contamination (Avg = 0.23 MPs/sample; n = 145), and blue hashed line indicating average procedural control contamination (Avg = 3.25 MPs/sample; n = 4); and (B) Per gram of tissue (wet weight), with red line indicating average number of MPs per gram of tissue (wet weight) for all eight sites (Avg = 0.15 MP g– 1 tissue). Bold numbers above boxes indicate average number of MPs per sample type. No. = number. Sites are arranged north to south by latitude. KLA = Kalaloch beach (n = 7), PTG = Point Grenville (within the Quinault Indian Reservation boundary; n = 7), MOC = Mocrocks Beach (n = 6), COP = Copalis Beach (n = 6), SCO = South Copalis Beach (n = 7), NTH = North Twin Harbor (n = 5), STH = South Twin Harbor (n = 7), LON = Long Beach (n = 7).




Quantifying Microplastic Contamination

In total, 46 suspected MPs were identified as contamination from microscope blanks (n = 145) and procedural controls (n = 4). On average, suspected MP contamination in microscope blanks was 0.23 ± 0.05 (range = 0–2), and in procedural controls was 3.25 ± 0.85 (range = 1–5; Figure 2). Average MP length detected as contamination was 1.60 ± 0.15 mm (range: 0.12–3.6 mm). One hundred percent (100%) of suspected MPs in microscope blanks and procedural controls were microfibers and were colorless (77.8%; n = 35), blue (15.6%; n = 7), black (4.4%; n = 2), or gray (2.2%; n = 1). Neither microscope blank nor procedural control MPs was subtracted from clam MP burdens because procedural controls were low in number and were intended to identify a range of contamination during laboratory processing, with microscope blanks showing a range of contamination during microscope analyses. Reported MP burdens in the four clam sample types may be lower than reported given ambient contamination found in microscope blank and procedural control samples; therefore MP burdens reported herein may be higher than would be expected in the environment.



Questionnaire Respondent Demographics

The 2-day survey effort at Mocrocks and Copalis beaches yielded 107 questionnaires from recreational razor clam harvesters representing an array of ethnicities, incomes, educational backgrounds, and ages. Questionnaire response rate was 94.7%, as 6 of the 113 individuals asked to participate declined. Respondents were 56.2% male, 43.8% female (Figure 4A), and lived in 14 Washington counties including Benton (n = 3), Chelan (n = 1), Clallam (n = 2), Clark (n = 4), Franklin (n = 1), Grays Harbor (n = 6), King (n = 24), Kitsap (n = 5), Lewis (n = 3), Mason (n = 6), Pierce (n = 17), Skagit (n = 3), Snohomish (n = 12), and Thurston (n = 15). None of the 107 respondents dug razor clams to sell commercially in April 2017–2018. Roughly 96% (n = 103) of questionnaire respondents reported their ethnicities. The majority of respondents (79.6%) were White/Caucasian, and the remaining (20.4%) were Asian, mixed race, Native American, Native Hawaiian or Pacific Islander, or Alaska Native (Figure 4B). Due to small sample size for most ethnic groups surveyed (White/Caucasian individuals: n = 82; Asian: n = 10; Mixed ethnicity: n = 6; Native American: n = 2; Native Hawaiian or Pacific islanders: n = 2; and Alaska Native: n = 1) differences in razor clam consumption were analyzed between White/Caucasian (79.6% of respondents) and all other ethnic groups (Non-White/Caucasian; 20.4% of respondents). Most respondents reported an annual income range of $50,001–$75,000 United States dollars (Figure 4C). Respondent ages were lumped into groups; the youngest respondents were 18–28 years and the oldest were 62+ years, but most (31.4%) were 51–61 years of age (Figure 4D).
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FIGURE 4. (A–D) From top left to bottom right–Number of Olympic Coast recreational razor clam harvester questionnaire responses by: (A) gender; (B) ethnicity; (C) income level; and (D) age group. Bold numbers above bars represent number of responses.




Razor Clam Harvest and Consumption

While only 83.8% of questionnaire respondents reportedly consumed razor clams in the past year (n = 88), all (100%; n = 107) participated in recreational razor clamming activities during the survey period (April 21–22, 2018). Razor clams consumed by respondents were obtained in a variety of ways; the majority (76.0%; n = 76) harvested the clams they ate, while some individuals obtained their clams in multiple ways (11.0%; n = 11), got clams from friends or family (4.0%; n = 4), purchased them (2.0%; n = 2), or didn’t know or obtained clams in other ways (3.0%; n = 3). The average number of razor clams consumed per meal was 4.27 ± 0.27 clams (range = 0–10); however, most respondents consumed either three or five clams per sitting (23.3 or 18.9%, respectively).

The majority of respondents (88.4%; n = 91) consumed razor clams without guts, while some did not know if they consumed the gut or not (9.7%; n = 10). One individual reported sometimes consuming them with, and sometimes without guts (1.0%; n = 1), and one individual reported consuming them with guts (1.0%; n = 1). More respondents reported consuming clams in the spring (81.1%; n = 77) than winter (72.8%; n = 67), fall (70.4%; n = 62), or summer (57.1%; n = 48) seasons.

To elucidate patterns in clam consumption, we considered demographic factors including gender, ethnicity, income and age group. The number of clams consumed per sitting varied by gender (Figure 5A), with males consuming significantly more than females (males: 4.81 ± 0.37, females: 3.78 ± 0.34; T = −2.051, p = 0.04). Clam consumption also varied by ethnicity, but these differences were not statistically analyzed due to low response numbers (as low as n = 1) for some categories (Figure 5B). On average, Alaska Native and Native American respondents consumed the highest number of clams per sitting at 7.0 (n = 1) and 7.0 ± 3.0 (n = 2), respectively. The next highest consumers of razor clams per sitting were Mixed ethnicity individuals (6.0 ± 0.40 clams; n = 4), followed by Native Hawaiian or Pacific Islanders (4.50 ± 4.50 clams; n = 2), White/Caucasians (4.46 ± 0.26 clams; n = 69), and Asians (1.56 ± 0.60; n = 9). No difference was found when comparing number of clams consumed per meal for White/Caucasian and Non-White/Caucasian (all ethnicities except White/Caucasian; T = −0.841, p = 0.41). The number of clams consumed per sitting did not vary by respondent income level (Figure 5C; F7,73 = 1.047, p = 0.41) or age group (Figure 5D; F4,83 = 0.924, p = 0.45).
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FIGURE 5. (A–D) From top left to bottom right–Number of razor clams consumed per sitting by Olympic Coast recreational razor clam harvester: (A) gender; (B) ethnicity; (C) income level; and (D) age group. Significant differences were identified between males and females (panel A; p = 0.04), but not by income level (p = 0.41) or age (p = 0.45).


In addition to razor clams, respondents reported consuming a variety of other common marine shellfish including bivalves (oysters, mussels, bay clams, hard shell clams, geoducks, scallops), crustaceans (Dungeness crab, other crab, lobster), gastropods (snails), and echinoderms (urchins; Supplementary Appendix 4).



Razor Clam Harvester-Consumer Microplastic Exposure

Using a combination of our razor clam MP burdens and questionnaire data, we estimated annual ranges of MP exposure through razor clam consumption by recreational harvester-consumers on the Olympic Coast (Table 2 and Figures 6, 7A,B). Of the questionnaire respondents, 16.2% (n = 17) harvested but did not consume razor clams in a given year, but those that did (83.8%; n = 88) consumed between 4 and 209 razor clam meals per year (Table 2 and Figure 6). Based on minimum and maximum number of razor clam meals per year and average suspected MP burdens in cleaned and whole clams, we estimated the range of MP exposure from razor clams by Olympic Coast harvester-consumers to be 60–3,070 MP/year for those that thoroughly clean their clams before consuming them, or 120–6,020 MP/year for those that consume clams whole without removing guts, gills or other organs (Table 2). Despite males consuming more clams per meal than females, female razor clam harvesters exhibited a broader range of exposure to MP due to higher maximum reported clam consumption than males in winter, summer and fall seasons (Table 2).


TABLE 2. The estimated annual microplastic exposure ranges by Olympic Coast, WA razor clam harvester-consumers.
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FIGURE 6. Ranges for the number of razor clam meals consumed per year by Olympic Coast harvester-consumers: Females (n = 46), Males (n = 59), All ethnicities combined (n = 87), Native American and Alaska Native (n = 3), Non-White/Caucasian (includes all ethnicities except White/Caucasian; n = 18), and White/Caucasian (n = 69).
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FIGURE 7. (A,B) Ranges of estimated annual Olympic Coast razor clam harvester-consumer microplastic (MP) exposure for: Females (n = 46), males (n = 59), all ethnicities combined (n = 87), Native American and Alaska Native (n = 3), Non-White/Caucasian (n = 18), or White/Caucasian (n = 69) respondents from consumption of: (A) Cleaned razor clams with the foot and siphons cleaned and rinsed and the siphon tips, digestive organs and gills removed; and (B) Whole razor clams.


Microplastic exposure from razor clam consumption was also broken down by ethnicity into: All (all ethnicities), Native American and Alaska Native, Non-White/Caucasian (all other ethnicities excluding White/Caucasian), and White/Caucasian groups (Table 2 and Figures 7A,B). The three Native American and Alaska Native respondents in our sample consumed more clams per sitting than other respondents; therefore the minimum exposure to MP through razor clam consumption for this group is higher than for the other ethnicities analyzed (Table 2 and Figures 7A,B).



Questionnaire Respondent Knowledge and Concerns About Microplastics in Food

When asked “how familiar are you with the concept of MPs in food?,” 64.8% (n = 68) of respondents said they were not familiar, 28.6% (n = 30) said they were moderately familiar, and 6.7% (n = 7) said they were very familiar. When asked “do you have concerns about MPs in your food,” 41.9% (n = 44) indicated yes, 39.0% (n = 41) indicated no, and 19.0% (n = 20) did not know. Twenty-five respondents (39.0% of those that indicated “Yes” or “I don’t know” for the question “do you have concerns about MPs in your food”) answered the open-ended question “Please expand on what concerns you have about MPs in your food.” Concerns recorded were categorized into seven themes: Impacts on humans (n = 6), General concern (n = 5), Health, chemicals and toxins (n = 4), Impacts on humans and the environment (n = 4), Uncertainty or unknown (n = 3), Impacts on the environment (n = 2), and Management (n = 1; Table 3).


TABLE 3. Themes elucidated from Olympic Coast razor clam harvester questionnaire survey responses (n = 25) for the question “Please expand on what concerns you have about microplastics in your food.”
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DISCUSSION

This study confirms MP presence in Olympic Coast Pacific razor clams, a species important to the PNW’s coastal ecology, culture, food security, and economy. Razor clams represent not only a traditional but also a critical present-day food source for members of the Quinault Indian Nation and other Olympic Coast peoples. As the Olympic Peninsula is sparsely populated relative to other (non-Alaskan) coastal areas in the United States, this study provides a snapshot of MP prevalence in an area of relatively low human influence. A number of existing studies have found that elevated environmental MP concentrations can be attributed to proximity to dense human population (Barnes et al., 2009; Hantoro et al., 2019); therefore, this study may represent the lower end of human MP exposure from Pacific razor clam consumption in the continental United States.

The highest MP g–1 tissue site average was from our northernmost study site, Kalaloch beach (Figure 4B). With development and agriculture representing a small proportion of land use in these counties (Supplementary Appendix 1), we expect factors other than land use/land cover are responsible for Kalaloch clams containing significantly more MPs than clams at other sites. There are no major rivers near the Kalaloch sample site to deliver large loads of MPs here relative to the other seven sites; however, Kalaloch the northernmost of our eight sites, is closest to the heavily populated Salish Sea region. We predicted substantial waterborne MPs would be transported from Puget Sound and the Salish Sea to the Olympic Coast, based on existing hydrographic models (Pirhalla et al., 2009). Proximity of these large water bodies to the Kalaloch site may contribute to its higher-than-average MP concentrations in Olympic Coast razor clams. Kalaloch clams were the smallest, on average (both shell length and body weight), of all eight study sites. While we did not find a correlation between MPs and body size (shell length or body weight) across study sites, clam size may have contributed to high MP g–1 tissue at Kalaloch, as mass-specific filtration can be faster in smaller bivalves relative to their larger counterparts (e.g., Powell et al., 1992; Ehrich and Harris, 2015).

Average MP burdens per whole razor clam and g–1 tissue in this study fell roughly mid-range compared to MP burdens reported in other bivalves (manila clams, Pacific razor clams, Pacific oysters) throughout the region: the Salish Sea, WA (Martinelli et al., 2020), British Columbia, Canada (Davidson and Dudas, 2016; Covernton et al., 2019), and the Oregon coast (Baechler et al., 2020a; Figure 8). It should be noted that these studies employed varying methodologies for MP extraction, identification, and reporting, suggesting the need for caution in interpreting direct comparisons. Methodological variations included differences in digestion chemicals (KOH, H2O2), microplastic isolation methods (density separation, sieving, vacuum filtration), MP g–1 tissue calculations (use of wet weight vs. dry weight), and validation techniques (none, Raman, or FTIR spectroscopy; Figure 8).


[image: image]

FIGURE 8. (A,B) Comparisons of average microplastic burdens in Pacific Northwest bivalves (Washington and Oregon, United States and British Columbia, Canada), in– (A) Average number of microplastics per individual; and (B) Average number of microplastics per gram of tissue (wet weight; except dry weight for Covernton et al., 2019). Gray bars indicate manila clams, blue bars indicate Pacific razor clams, green bars indicate Pacific oysters. Avg = Average, MP = microplastic, g = gram. * = All studies except Davidson and Dudas included suspected microplastic material validation using Fourier Transform Infrared (FTIR) or Raman spectroscopy. ** = For general context only; calculated from Table 2 of Martinelli et al. (2020) as average of site-specific visually identified number of particles per oyster (panel A) or per gram of tissue (panel B) for 10 sites × average site-specific percentage of suspected microplastics confirmed to be plastic through Raman spectroscopy for 10 sites.


Using FTIR we determined that the randomly selected suspected MPs analyzed (n = 53) were plastic, semi-synthetic, and natural, with 80.77% confirmed to be either synthetic or semi-synthetic (Kroon et al., 2018; Supplementary Appendix 7). PET, a member of the polyester family and a widely used thermoplastic polymer resin in clothing and drink containers, was the most commonly identified synthetic material (n = 21; Supplementary Appendix 7,8). PET fibers are ubiquitous in coastal areas globally and are often detected in bivalves (Mishra et al., 2019; Hope et al., 2020). The most commonly identified semi-synthetic fiber was cellulose acetate (n = 11; Supplementary Appendix 7,8), a material found in cigarette filters and clothing, that is commonly detected on beaches and in waterways (Miller et al., 2017; Mishra et al., 2019). Cellulose was the lone natural material present in our subsample (n = 10; Supplementary Appendix 7).

Due to our methodology, the lower size limit of detectable MPs was 63 μm, though smaller MPs and nanoplastics (NPs) (<1 μm) are known to migrate into the tissues and organs of marine organisms (Lusher et al., 2017). While methodologically, any suspected MPs greater than 63 μm in size were included in our samples, the smallest MP we identified was 110 μm. Therefore, MPs and NPs smaller than 110 μm may have been present but undetected in our samples. Additionally, it is unclear if the MPs identified in our whole, cleaned or non-gut-tissue samples were incorporated into clams through ingestion or adherence to soft tissues, as both avenues of incorporation have been reported in bivalves (e.g., Xu et al., 2017; Kolandhasamy et al., 2018).

Combining ecological data on razor clam MP burdens with structured questionnaires allowed us to calculate MP exposure ranges for the Olympic Coast razor clam harvester-consumers surveyed. MP exposure calculations included natural cellulose particles representing 19.23% of suspected MPs based on FTIR material confirmation results; therefore exposure ranges to MPs may be overestimates. Regardless, our findings suggest the harvester-consumers in this study are likely exposed to low levels of confirmed MPs (relative to other known sources of ingested MPs). Razor clams are unique in that, unlike many other clam and oyster species which are generally consumed whole, they are typically cleaned with parts removed prior to consumption. The Quinault Indian Nation Department of Fisheries suggests the Quinault and other coastal tribal peoples clean razor clams prior to consumption, and the Quinault commercial razor clam processing plant in Taholah similarly cleans clams prior to sale to eliminate guts and gills (Ervin “Joe” Schumacker, Quinault Indian Nation Department of Fisheries, pers. comm. May 1, 2020). While most questionnaire respondents fully cleaned razor clams before consuming them, 11.7% either consumed the gut or weren’t sure if they did. Based on our findings, removal of the gut prior to consumption for this particular species reduces MP burden by nearly 50% and may be a prudent measure to reduce consumer MP exposure from this particular seafood source. While cleaned clams may substantially reduce MP exposure for human consumers, this approach is not an option for marine razor clam predators.

There are currently no established safety thresholds for human MP intake; however, established thresholds in Olympic Coast razor clams exist for domoic acid, a neurotoxin that can cause direct and severe harm to human consumers, including affecting memory when consumed in low doses over long periods of time (Chadsey et al., 2012; Grattan et al., 2016; Ferriss et al., 2017; Lefebvre et al., 2017). Recently, fishery openings and closures have been affected by the presence of domoic acid which is regularly tested in clams by the Washington Department of Health. Fisheries are closed when the domoic acid level meets or exceeds 20 parts per million (ppm) (Chadsey et al., 2012; WDFW, 2020). In 2016, the state of WA issued a public health advisory on razor clam consumption, recommending no more than 15 clams be consumed per month, due to the propensity of razor clams to contain low levels of domoic acid below the Department of Health action level of 20 ppm (Washington Department of Health, 2016).

Human ingestion of MPs via seafood can be significant in some geographic areas (e.g., Li et al., 2015); however, MP exposure of our study group from razor clam consumption is low relative to other expected exposure routes such as inhalation (estimated maximum of 30,000,000 MP/year; Zhang Q. et al., 2020), deposition of microfibers during meals (estimated 13,731–68,415 MPs/year; Catarino et al., 2018), consumption of table salt (estimated maximum of 73,000 MPs/year; Zhang Q. et al., 2020) or drinking bottled water (estimated 90,000 MPs/year; Cox et al., 2019). Our estimates of Olympic Coast razor clam harvester-consumer MP exposure are lower than existing estimates of dietary MPs through bivalve consumption in Europe (∼11,000 MP/year; Van Cauwenberghe and Janssen, 2014) and China (∼110,000 MP/year; Li et al., 2015). This result is expected considering razor clams are only one of many bivalves consumed in the region, this species is frequently cleaned prior to consumption, and the Olympic Coast is sparsely populated (roughly 12 people/km2 or 30 people/mile2; U.S. Census Bureau, 2012) whereas Southeast Asia and Europe support some of the most densely populated coastal areas in the world (>10,000 people/km2; Nicholls and Small, 2002).

Although the vast majority of MPs orally ingested by humans are thought to be excreted (Efsa Panel on Contaminants in the Food Chain Contam, 2016), some proportion of particles may remain in the body. While effects of MPs on human health are not well known, MPs may cause harm due to blockage, release of associated additives, or liberation of sorbed chemicals (Wright and Kelly, 2017). Inhaled MPs may become trapped in the lung, purged from the body (i.e., from coughing or sneezing) or, depending on size, enter the digestive tract (Wright and Kelly, 2017; Cox et al., 2019). Differential effects from consuming versus inhaling MPs may be present, though this area is understudied and warrants additional research.

Ferriss et al. (2017) estimated the frequency of razor clam consumption by WA coast recreational razor clam harvesters in 2015–2016 at 6.0 clams per day, on days that clams were eaten. Males consumed, on average, more clams/day (6.5 ± 0.8) than females (5.4 ± 0.6), with higher overall consumption in the spring than in other seasons (Ferriss et al., 2017). While not directly comparable to our results because we report consumption in number of clams per sitting (4.27 ± 0.27) instead of per day, the pattern of males consuming more than females, and seasonal clam consumption being highest in spring relative to other seasons are similar. An Olympic Coast razor clam domoic acid study by Grattan et al. (2016), placed those that consume 15 or more razor clams per month in a “high” consumer group, and those that consume fewer than 15 per month into a “low” consumer group based on the 2016 WA-recommended consumption limit of 15 clams per month (Washington Department of Health, 2016). According to our findings, “high” consumers (2.67%, n = 7 responses in our study) would then be exposed to a minimum of roughly 600 MP/year if thoroughly cleaning 15 clams per month before consuming them, or a minimum of 1,200 MP/year if consuming 15 clams per month without cleaning them. Exposure values would increase proportionally with the number of clams consumed per month. Due to the low sample size of Alaska Native and Native American respondents (n = 3) in this study, it is not possible to broadly generalize about clam consumption frequencies in either group; however, responses from these few individuals were striking considering the much higher minimum exposure level of MPs through razor clam consumption than other ethnicities, due to a higher minimum number of meals containing razor clams eaten annually and more clams consumed per sitting than other groups. Due to this finding and the knowledge that seafood consumption tendencies vary by ethnicity (e.g., Sechena et al., 1999; Mahaffey et al., 2009; EPA, 2014; Cisneros-Montemayor et al., 2016), additional research regarding microplastic exposure from seafood consumption for these and other high-seafood consumer demographics is both warranted and necessary.

To conclude, MP presence in the PNW coastal environment and in food webs, raises concern about potential for ecological harm to Pacific razor clams, their predators, and innumerable other marine species. There is an immense need to reduce future transmission of MPs, and in particular microfibers, to the marine environment, as these are commonly found in biotic and environmental samples (Barnes et al., 2009; Barboza et al., 2018). A focus on land-based solutions to microplastic pollution is imperative, as more than 80% of primary and secondary MPs originate on land (Miranda et al., 2020). Apparel washing is a significant vector of synthetic microfibers to the environment; since the 1950’s, over 5.9 million metric tons of synthetic MPs have been generated through laundering (Gavigan et al., 2020). Our findings of primarily microfibers in the guts and tissues of Olympic Coast razor clams highlight the need to develop effective upstream pollution control solutions that capture this type of pollution at the source. One solution to significantly reduce transmission of microfibers into the environment would be the integration of microplastic capture technologies into washing machines. These technologies prevent synthetic microfibers from flowing through household graywater to wastewater treatment plants, where they settle and are frequently extracted along with biosolids and applied to agricultural soils as fertilizer (Mahon et al., 2017; Gavigan et al., 2020). Fiber catchment-integrated washing machines have already been deployed in Japan and, per legislation, will be required in France beginning in 2025 (European Parliament, 2020). Broader adoption of similar technologies in the United States and around the world could drastically reduce global laundry microfiber emissions in the future.

In summary, we identified MPs in razor clams from all of our coastal study sites, highlighting the ubiquity of MPs along the Olympic Coast. The Olympic Coast recreational razor clam harvester-consumers represented in this study were from 14 WA counties and encompassed an array of ethnicities, incomes, education levels, and concerns about the concept of MPs in food. This work improves understanding of MP prevalence in an important and desirable edible shellfish species. It highlights that MPs are present in seafood even in relatively low-impact areas; however, when put into context, this specific seafood item represents a minimal vector of MPs for the recreational razor clam harvester-consumer group studied. Our work serves as an important reference in the growing portfolio of MP research in the PNW to inform future MP attenuation. This work contributes to estimations of overall human MP exposure and could aide in the development of human health standards for this pollution type.
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Supplementary Appendix 6 | Numbers and percentages of suspected microplastics identified in 138 Olympic Coast razor clam samples (n = 799) by color. Colors in figure correspond to actual colors encountered: colorless (n = 441; 55.19%), blue (n = 154; 19.27%), gray (n = 98; 12.27%), black (n = 37; 4.63%), red (n = 26; 3.25%), purple (n = 19; 2.38%), brown (n = 15; 1.88%), green (n = 5; 0.63%), and pink (n = 4; 0.50%).

Supplementary Appendix 7 | Characteristics, material types and FTIR spectral match percentages for 53 randomly selected suspected microplastics isolated from Olympic Coast razor clams. Results are sorted by FTIR % top match from highest to lowest.

Supplementary Appendix 8 | Example FTIR-ATR spectra of microplastics isolated from Olympic Coast razor clams, stacked along with the two highest percentage matches from Omnic, Primpke et al. (2018) and Primpke et al. (2020) FTIR polymer databases for a: (A) Polyethylene Terephthalate fiber (1.9 mm total length); and (B) Cellulose acetate fiber (3.2 mm total length).
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Consumer Respondents (#) Avg # clams Min clam Max clam Min MP Max MP Min MP Max MP
group consumed/sitting meals meals exposure/yr®  exposure/yr*  exposure/yr'  exposure/yr?
consumed/yr consumed/yr

All females 46 3.78 4 209 50 2,720 100 5,330
All males 59 4.81 4 79 70 1,310 130 2,570
All ethnicities 105 4.27 4 209 60 3,070 120 6,020
combined

Native American 3 7.00 20 79 480 1,900 950 3,730
& Alaska Native

Non- 21 3.78 4 122 50 1,590 100 3,110
White/Caucasian

White/Caucasian 82 4.46 4 209 60 3,210 120 6,290

MP exposures were rounded to the nearest 10. The number of razor clams consumed per sitting, and minimum and maximum number of razor clam meals consumed
per year were self-reported. Average number of microplastics for whole and cleaned razor clams were determined through analyses of clams collected from eight Olympic
Coast sites. Minimum razor clam meals consumed include non-zero responses only. “Clam” = Pacific razor clam, Avg = Average, MP = Suspected microplastics, yr = Year,
min = minimum, max = maximum. ' Calculated using Avg suspected MP burden of 3.44 MP/clam. 2Calculated using Avg suspected MP burden of 6.75 MP/clam. 3Avg
# clams consumed per sitting x Avg # MP/clam x Annual min razor clam meals consumed. *Avg # clams consumed per sitting x Avg # MP/clam x Annual max razor
clam meals consumed.
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