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Abstract

Native Americans face disproportionate exposures to environmental pollution including exposures 

through traditional subsistence practices such as fishing and shellfish harvesting. Prior studies in 

the Salish Sea region of the Pacific Northwest have found high levels of contaminants including 

polycyclic aromatic hydrocarbons (PAHs) in clams. Conventional biomonitoring methods require 

removal of clams from the environment which can affect clam abundance and deplete an important 

cultural and subsistence food. Traditional predictive methods for contaminant bioaccumulation are 

often inaccurate because of reliance on site specific sediment characteristics. The freely dissolved 

fraction (Cfree) of contaminants in sediment pore water is a better predictor of contaminant 

bioavailability than bulk sediment concentration. In this study, the collection of butter clams 

(Saxidomus giganteus) was spatially and temporally paired with deployment of sediment pore 

water passive samplers at 4 locations in the Puget Sound region of the Salish Sea in the Pacific 

Northwest, USA, within adjudicated usual and accustomed tribal fishing grounds and stations. 

Clams and passive samplers were analyzed for 62 individual PAHs. A linear regression model was 

constructed to predict PAH concentrations in the edible fraction of butter clams from Cfree in 

porewater. PAH concentrations can be predicted from the freely dissolved PAH concentration in 

porewater using the following equation:

[PAH]Clam = 4.1( ± 0.1) × [PAH]porewater

The model predicted clam concentrations of PAHs based only on sediment pore water 

concentrations within a factor of 1.9 ± 0.2 on average. Carcinogenic risk assessment showed 

potentially unacceptable risk from consuming clams at one of the locations. This model offers a 

simplified, cost effective, and low impact approach to assess contaminant levels in butter clams 

which are an important traditional food.
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Graphical abstract.

Sediment pore water passive sampling devices (PSDs) were spatially and temporally paired with 

collection of 5 butter clams at each of 4 locations on adjudicated usual and accustomed tribal 

fishing grounds in the Salish Sea Region of the Pacific Northwest. Both sediment pore water and 

clams were analyzed for 62 individual PAHs.

Introduction

In order to calculate human health risk from seafood ingestion, it is necessary to assess 

contaminant accumulation in organisms. For Native American tribes of the Salish Sea region 

of the Pacific Northwest, shellfish have been an integral part of the way of life since time 

immemorial providing a source of both physical and cultural sustenance[1]. Concerns have 

arisen regarding the impact of anthropogenic contaminants on the safety of natural resources 

including clams [2, 3]. Previous work in the Salish Sea region has shown that carcinogenic 

risk from shellfish consumption may be driven by levels of polycyclic aromatic 

hydrocarbons (PAHs) in clams[1].

Given the importance of subsistence shellfish consumption, Native American tribes, 

government agencies, and researchers have been working together to better understand these 

potential human health risks from shellfish [4]. Furthermore, tribes of the Salish Sea region 

recognize the importance of protecting and sustaining the environment and the natural 

resources within the environment to protect the identity of their peoples. Subsequently, they 

have supported efforts to improve the monitoring of contaminants in shellfish.

Directly measuring contaminant levels in organisms is time and resource intensive because 

of the difficulty of locating and processing the organisms. Additionally, removing organisms 

from the environment for testing may deplete populations and could be harmful to 

ecosystems. These considerations have led to the development of predicative tools for 

determining contaminant levels in organisms [5, 6]. Conventional predictive methods for 

benthic organisms use total sediment concentrations and empirically derived biota–sediment 

accumulation factors (BSAF) [7]. However, these methods are often unreliable likely 

because of uncertainty in site-specific sediment parameters. For instance, variations in the 

fraction and type of organic carbon can influence the bioavailable fraction of chemical [8, 9]. 

Several studies have shown that the presence of black carbon, pitch, and other highly 

hydrophobic materials in the sediment may result in overestimation of the fraction of the 
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chemical that is bioavailable to sediment-dwelling organisms and thus overestimation of 

chemical bioaccumulation in those organisms [10–12].

Compared to total sediment concentration, the freely dissolved fraction of chemical (Cfree) 

in the interstitial pore space of sediment (sediment pore water) is a better indicator of 

bioavailability, bioaccumulation, and toxicity for benthic organisms[13, 14]. Passive 

sampling devices (PSDs) directly measure Cfree in sediment pore water thereby inherently 

accounting for site specific sediment characteristics[15]. PSDs therefore offer an 

improvement in predictive capabilities for bioaccumulation compared to BSAFs[16–19]. A 

few studies have used passive sampling devices in water to predict contaminant levels in 

crayfish and mussels[20–22]. More studies have used passive sampling derived sediment 

pore water concentrations to predict accumulation in benthic organisms, primarily in 

worms[10, 12, 19, 23, 24]. Muijs and Jonker, 2012 reported that passive sampling methods 

improved prediction of polycyclic aromatic hydrocarbons (PAHs) in benthic worms 

compared to traditional methods using BSAF values and total sediment concentrations[24]. 

Fernandez and Gschwend, 2015 measured levels of 3 PAHs in sediment and the muscle 

portion of steamer clams (Mya arenaria) from locations in Massachusetts, USA, and 

compared the ability of passive samplers to predict levels of these 3 PAHs in the clams to the 

BSAF method. They found that the passive sampling approach was significantly more 

accurate than the BSAF method, and that the BSAF method consistently over predicted PAH 

levels in clams by average factors of 10-44 [10].

In the present study we expand on the work of Fernandez and Gschwend, 2015 by using 

sediment pore water passive samplers to predict accumulation of 62 PAHs in the edible 
fraction of butter clams (Saxidomus giganteus). Butter clams were selected by tribal 

governments and collected from 4 locations in the Puget Sound region of the Salish Sea in 

the Pacific Northwest, USA. Specific sampling locations were selected by the tribes and 

were within adjudicated usual and accustomed tribal fishing grounds and stations. In 

addition to building a predictive model, a quantitative human health risk assessment was also 

performed to determine the potential cancer risk due to PAHs associated with consuming 

butter clams from this area. Ultimately, the development of a more accurate and relatively 

simple predictive model could allow for an increased ability to monitor pollutant levels in 

shellfish without having to remove them from the ecosystem.

Materials and Methods

Study location

Sampling occurred on four separate beaches within the adjudicated usual and accustomed 

tribal fishing grounds and stations in the Puget Sound region of the Salish Sea in 

Northwestern Washington, USA. Specific beaches (locations and names withheld at request 

of tribal governments) were selected with the guidance of local tribal members based on 

their use as clamming grounds. Beach 1 (B1) and Beach 2 (B2) were located in close 

proximity to oil refineries while Beach 3 (B3) and Beach 4 (B4) were located within 5km of 

B1/B2.
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Field Sampling

A scientific collection permit was obtained from Washington State (Permit# 14-274). After 

extensive discussion with tribal leaders, the butter clam was selected as the test species 

because of its importance to the tribes. Local tribal members worked with the research team 

to harvest and identify butter clams. At each of the 4 sites, 5 clams were collected for a total 

of 20 clams. Following collection, clams were rinsed with ambient water followed by 

deionized water, stored in either an amber glass jar or a sealed Teflon bag, and transported 

back to the lab on ice. Immediately following removal of the clams, sediment passive 

sampling devices (PSDs) containing low density polyethylene (LDPE) were placed in the 

clam holes and deployed for a total of 29 days. These sediment passive sampling devices 

have been previously described in detail and are shown in Figure S1[25]. The LDPE strips 

were transported back to the laboratory in glass jars in a cooler. Transport stability studies 

performed by Donald et al. confirm that transport times (<24h) and temperature (<20°C) 

should not result in the loss of PAHs from LDPE[26].

PSD preparation and extraction

Additive free LDPE strips were constructed as described in Anderson et al. [27]. Fluorene-

d10 was added to the passive samplers prior to deployment for determination of in-situ 

sampling rates[15]. PSDs were stored at −20°C prior to sample processing which is 

described in detail by Allan et al. [28]. In brief, PSDs were spiked with 7 deuterated 

surrogate extraction standards followed by dialysis in n-hexane and quantitative 

concentration. Surrogate extraction standards included: naphthalene-d8, acenaphthylene-d8, 

phenanthrene-d10, fluoranthene-d10, chrysene-d12, benzo[a]pyrene-d12 and 

benzo[ghi]perylene-d12. Surrogate recoveries ranged from 45% for naphthalene-d8 (RSD 

11%) to 110% for benzo[ghi]perylene-D12 (RSD 15%). All solvents used were Optima® 

grade or better (Fisher Scientific, Pittsburgh, PA), and standards were purchased at purities ≥ 

97%. Standards were prepared as singles or simple mixes in ethyl acetate, n-hexane, or 

isooctane (Fisher Scientific, optima grade) at concentrations typically between 1mg/L and 

10mg/L.

Clam processing and extraction

Clam tissue was homogenized via freeze fracture using a Robot Coupe Blixer-2 food 

processor and liquid N2. After homogenization, tissue was transferred into an amber glass 

screw-top jar and stored in the dark at −20°C. Prior to use, and between samples, all 

equipment was washed with soap and water and then rinsed with high purity water, acetone, 

and hexane. Extraction of PAHs from clam followed a modified QuECHERS method as 

described previously [21]. Seven individual extraction surrogates (same as LDPE extraction) 

were added to 1.0 g (± 2%) wet weight of homogenized clam tissue. Surrogate recoveries 

were 39%, 49%, 44%, 46%, 61%, 73%, and 68% for naphthalene-d8, acenaphthylene-d8, 

phenanthrene-d10, fluoranthene-d10, chrysene-d12, benzo(a)pyrene-d12, and 

benzo(ghi)perylene-d12, respectively.

Minick et al. Page 4

Mar Pollut Bull. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chemical Analysis

Samples were analyzed for 62 PAHs (Table S1) using an Agilent 7890A gas chromatograph 

(GC) with an Agilent 7000C MS/MS as described in Anderson et al. [29]. Use of an Agilent 

Select PAH column (30m x 250μm x 0.15μm) allowed for enhanced separation of 

compounds. For all PAHs, at least a 5-point calibration was employed spanning 4 orders of 

magnitude (1μg/L – 10mg/L) with correlations ≥0.98. GC oven and MS parameters along 

with a comprehensive list of method detection limits (MDLs) can be found in the 

Supplemental information (Table S1).

Porewater concentration calculation

The freely dissolved concentration of PAHs in the sediment pore water was calculated from 

extract concentration using methods described by Huckins et al[15]. Briefly, performance 

reference compounds were utilized to determine chemical specific sampling rates with 

additional corrections for the effect of temperature and salinity on the partition coefficients 

between the sampler and water. These calculations are described in detail in the 

supplemental information equation S1–S7.

Quality control

Quality control samples including field, trip, instrument, cleaning, reagent, and laboratory 

blanks as well as laboratory duplicates and over-spikes accounted for over 30% of the total 

samples analyzed. Clam extraction blanks contained measurable amounts of several low 

molecular weight PAHs making up on average 15% of Σ62PAHs in the clams and are shown 

in Table S4. Average extraction blank concentrations were subtracted from PAH 

concentrations measured in clam samples. Field blanks for the passive samplers contained 

quantifiable levels of several low molecular weight PAHs making up on average 13% of Σ62 

PAHs in sediment pore water and are shown in Table S4. Average field blank levels for the 

passive samplers were subtracted from PAH concentrations measured in sediment pore water 

samples. Instrument blanks and reagent blanks were below levels of detection for all 

analytes. Perylene-d12 was used as the instrumental internal standard. Continuing 

calibration verifications samples consisting of 51 individual PAHs at 500 μg/L were run 

every 12 samples or less and all met our data quality objectives where >80% of target 

analytes must be within 20% of the known value.

Human health risk assessment

The relative potency factor approach, described by the US EPA, was utilized to determine 

the carcinogenic risk associated with consuming the clams analyzed in this study. Risk 

assessment was performed for both subsistence consumers and consumers in the general US 

population[30]. Subsistence consumer ingestion rates (100 g/d) were obtained from a 

previously reported study based on a tribal community located in the Puget Sound region of 

the Salish Sea in Washington, USA[1]. Average shellfish ingestion rates for the general adult 

population in the Pacific region (4.6 g/d) was obtained from the US EPA[31]. Excess 

lifetime cancer risk was assessed based on the following EPA standardized assumptions for 

an adult (70 kg) using an exposure frequency of 365 days/year for an exposure duration of 

70 years. The average benzo[a]pyrene equivalence (BaPeq) factor for each beach was 
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multiplied by the slope factor of 7.3 mg/kg×d based on the latest US EPA guidance[30]. 

Detailed equations for these calculations can be found in the Supplemental information 

equation S8–S10.

Statistical Methods

Statistical analyses of PAH data were performed using Microsoft Excel, 2016 and JMP Pro 

13. If individual PAH concentrations were below the limit of detections in either the clam or 

sediment pore water, the corresponding limits of detection were substituted for modeling 

purposes. This occurred in 163 of 436 (37%) individual paired (sediment pore water and 

clam) PAH measurements. The vast majority (93%) of these were detections of PAHs in the 

sediment pore water but not in the clams resulting in substitutions of clam detection limits. 

Of these, 89% were 2- and 3- ring PAHs. Statistical analysis of correlations between PAH 

concentrations in clams and sediment pore water showed that a regression model with a 

square root function appeared to be the best fit for the data. Specifically, this regression 

captured the non-linear form of the line at elevated sediment pore water concentrations. 

Additional factors were explored including individual site locations, clam size/age, and Kow 

values.

Results & Discussion

PAH concentrations in sediment and clams

Of the 62 PAHs analyzed, 42 different PAHs were detected in at least one sediment pore 

water or clam sample. Concentrations of PAHs in sediment pore water and clams were 

correlated (Table 1). PAHs with log Kow values between 4.0 and 5.5 were elevated in both 

clams and sediment pore water. This indicated that freely dissolved PAHs in the sediment 

pore water were more likely to bioaccumulate in clams (Figure 1). As expected, PAHs with 

log Kow values greater than 6.0 were rarely detected or detected at low levels in both clam 

and sediment pore water, illustrating that these high molecular PAHs were likely bound to 

sediment and not readily available for bioaccumulation.

Concentrations of PAHs in the sediment pore water were highest at B2 (12- 390ng/L). For 

context, PAH concentrations at B2 were comparable to, and in some cases higher than ∑62 

PAH concentrations reported in sediment pore water at a PAH-contaminated Superfund site 

in Portland, Oregon (24-180ng/L)[25]. Concentrations of PAHs in clams were also highest at 

B2 (25-81ng/g), driven largely by 2 individual clams with concentrations of 68 ng/g and 81 

ng/g. Of note, these 2 clams were located closest to a creosote covered wooden pier. It is 

possible that creosote, which contains high concentrations of PAHs, is partially responsible 

for these elevated levels[32].

Spatial differences in PAH concentrations were noted between the 4 sites, and these 

differences have important implications for shellfish harvesters. The average ∑62 PAH clam 

concentration at B2 (48 ng/g) was approximately 3 times higher than the average clam 

concentration at B1 (15 ng/g) and roughly 10 times higher than the average clam 

concentration at B3 (4.3 ng/g) and B4 (3.3 ng/g). Similar trends were seen for sediment pore 

water concentrations. PAH data for all clam and sediment pore water samples can be found 
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in Tables S7 and S8, respectively. B2 is adjacent to petroleum refineries and B1 is 

approximately 1km away from the refineries. B3 and B4 are approximately 5km from the 

refineries and in a separate bay. Together, these results suggest a potential impact from the 

refineries on PAH concentrations in clams collected nearby. However, additional historical 

sources of PAHs in the area exist, including a non-contained waste facility, petroleum 

storage, and pulp mill.

PAH profiles

Profiles of PAHs in clams from the 4 different beaches shows high variability (Figure 2a). At 

B2, fluoranthene, pyrene, and phenanthrene accounted for approximately half of ∑PAH. 

Additionally, several 4-ring PAHs were detected in clams from B2, the site nearest to the oil 

refinery, that were not detected at any of the other beaches. Two of these 4-ring PAHs were 

benzo[a]pyrene and benzo[c]fluorene. This is noteworthy because larger PAHs are generally 

more carcinogenic than 2- and 3-ring PAHs. In the case of benzo[c]fluorene, the relative 

potency factor for cancer risk assessment is 20 times higher than that of benzo[a]pyrene[30]. 

Detections of 4-6 ring PAHs were lower at B1 compared to B2 and ∑PAH was driven by 

fluoranthene, naphthalene, and phenanthrene. At B3 and B4, individual PAH profiles were 

very similar showing mostly 2- and 3-ring PAHs with naphthalene and fluorene accounting 

for approximately half of ∑PAH. PAH profiles in sediment pore water were similar to PAH 

profiles in clams, but were comparatively elevated in 2 and 3-ring PAHs.

Diagnostic ratios of PAH isomers in sediment may be used in a weight of evidence approach 

to identify potential sources[33, 34]. The ratio of fluoranthene/pyrene in B2 sediment pore 

water indicates a primarily petrogenic source consistent with petroleum or creosote and a 

primarily pyrogenic source at the other beaches[32–34]. However, a lack of consistent PAH 

detections across all beaches limits the number of usable diagnostic ratios and makes any 

type of conclusive statement of PAH sources overreaching.

Predictive modeling

A linear regression model was generated to predict PAH levels in clams from Cfree in 

sediment pore water using the 42 detected PAHs (Figure 3). Limits of detection were 

substituted in the case of detection of a PAH in only 1 of a sediment pore water or clam 

paired sample. The line of best fit is shown in Equation 1 below.

[PAH]Clam ng
g = 4.1( ± 0.1) × [PAH]porewater ng

L (Eq. 1)

The root mean square error (RMSE) of this regression is 0.77. With Equation 1, PAH 

concentration in clams were predicted using only Cfree in sediment pore water measured 

with passive samplers. The square root function of this regression is such that as PAH 

concentration in sediment pore water increases, the rate of PAH accumulation in clams 

decreases. This attribute is fundamentally different than BSAFs which assume linear rates of 

bioaccumulation with increasing sediment concentrations. The non-linear nature of our 

predictive regression model may represent the induction of detoxifying enzymes, such as the 

cytochrome P450 enzymes which have been shown to be active in some species of 
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clams[35–37]. Specifically, induction of these enzymes may result in a decreased rate of 

PAH accumulation in clams at higher PAH concentrations. As such, the regression model 

described in this study is an improvement over the linear nature of BSAFs which would over 

predict clam concentrations at elevated sediment pore water concentrations with this data 

set.

Furthermore, we observed that several of the 2- and 3-ring PAHs in our regression model 

were over-predicted in clams based on their sediment pore water concentrations. That is to 

say that these PAHs were at high concentrations in the sediment pore water, but did not 

appear to accumulate appreciably in the clams. This is likely because smaller PAHs are less 

hydrophobic (lower Kow values) and thus accumulate less in tissues compared to larger 

PAHs. To explore this finding, a second predictive model was constructed which included 

only PAHs with 3 full 6-membered rings and larger (dashed lines in Figure 3). In this model, 

the slope of the best fit equation increased slightly as expected but the overall accuracy 

remains largely unaffected with an RMSE of 0.78. Because of the minor differences between 

these best-fit lines, we would recommend using the original model that includes all PAHs.

In order to assess model performance, predicted values from equation 1 were compared to 

measured values (Figure 4). Factors were calculated by taking a ratio of the predicted and 

measured values (Table S9). When calculating factors, it is possible that large factors may 

exist even when the absolute difference is negligible. For instance, if the predicted value was 

1.0 ng/g and the actual value was 0.1 ng/g then the factor is 10 but the absolute difference is 

less than 1 ng/g. To increase the meaning of factor analysis, instances where either the 

predicted or measured clam concentration was less than 1 ng/g were excluded from 

calculation of factors. Refinement of these calculations resulted in 71 individual factor 

differences for 13 PAHs. Based on these values, the model predicted average concentrations 

in clams within a factor of 1.9 ± 0.2 of the measured values (0.2 indicates 2*SE). To 

illustrate that this process did not unduly lower the factors, when considering all factors, 

only 3.0% were greater than 3 when the absolute difference was also greater than 3.0 ng/g. 

All of these instances corresponded to 2- and 3-ring PAHs which were detected in sediment 

pore water and not in clams. It is possible that these small PAHs do not partition into clams 

because of their relatively low hydrophobicity compared to larger PAHs. Additionally, when 

considering all the points, the average absolute difference between predicted and measured 

clam concentrations was 1.1 ng/g.

Other researchers have used sediment PSDs to predict PAHs in other organisms including 

other clam species. For instance, Fernandez and Gschwend, 2015 predicted levels of 

phenanthrene, pyrene, and chrysene in soft-shell steamer clams (Mya arenaria) using low 

density polyethylene PSDs in sediment. The average ratios of predicted to measured values 

were 0.43, 3.7, and 1.1 for phenanthrene, pyrene, and chrysene respectively[10]. These 

numbers correspond to an average factor of 2.4 which is larger than the average factor of 1.9 

for the 13 PAHs we reported in this study. Additionally, the standard deviation for the factors 

in our study (1.0) is less than shown by Fernandez and Gschwend, 2015 [10]. Using PSD 

derived sediment porewater concentrations, Muijs and Jonker, 2012 predicted concentrations 

of 13 PAHs in benthic worms generally within a factor of 4 [24]. The authors cite the 

relatively low capacity of SPME passive samplers and the use of generic BAF factors as 
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reasons for higher than expected variability. Compared to the model presented by Fernandez 
and Gschwend to predict PAHs in steamer clams, our model is an improvement because of 

the incorporation of additional PAHs and the lower factor differences between measured and 

predicted concentrations. It’s possible that the lower factor differences result from the 

heterogeneity of sediment and the fact that PSDs were placed directly into the clam holes in 

this study as opposed to adjacent to the clam holes in the Fernandez and Gschwend study. 

An additional benefit, because we were concerned with the fraction of clam which would be 

eaten by Native American tribal members, our model considers the entire edible fraction as 

opposed to only the lipid and protein fraction. Taken together, our approach is preferable as 

a proxy method for monitoring PAH contamination in shellfish for determination of 

potential risk through ingestion.

In predictive models for bioaccumulation, over-prediction is preferable and false negatives 

should be kept at a minimum in order to be protective of health. When considering all data 

points, only 8.7% of individual PAHs were under predicted by the model. Importantly, 

individual PAHs were measured in clams but were below limits of detection in the sediment 

in only 2.5% of samples. In these cases, the model would fail to predict any concentration in 

clams. The majority of these were large PAHs including retene, coronene, and indeno[1,2,3-

cd]pyrene and all the clam concentrations were less than 0.5ng/g. It is possible that these 

larger, more persistent PAHs reflect historical contamination or slow diffusion rates as butter 

clams can live up to 20 years. Based on the measured length of clams in this study 

(70-110mm) the corresponding ages are likely between 7-20 years [38].

Additionally, it is possible that the presence of these larger PAHs represents the ingestion of 

particle-bound PAHs by the clams. Clams, like other bivalves, are filter feeders and therefore 

may be exposed to both dissolved and particulate-bound PAHs in both the sediment pore 

water and the water column[39, 40]. However, studies have demonstrated that even for 

organisms whose exposure to contaminants is expected to be through the ingestion of 

sediment, bulk sediment concentrations often do not correlate well with bioaccumulation 

[19]. Here, the fact the passive sampler generally measured the same PAHs in the clams 

seems to indicate that the majority of exposure for clams occurs through PAHs in the freely 

dissolved phase. This observation is further enforced by the similarity between the PAH 

profiles in sediment pore water and clams. The passive sampling model presented here 

enables accurate prediction of PAH concentrations in clams and has applicability for risk 

assessors and land managers.

Human health risk assessment

A quantitative human health risk assessment was conducted to assess the carcinogenic risk 

from PAHs associated with ingestion of clams using the relative potency factor approach as 

described by the U.S. EPA[30]. Cancer risk is expressed as the excess lifetime cancer risk 

(ECLR) which is defined as a probability of the number of potential cancer cases above 

background. Table 1 shows ELCR estimates for each of the 4 beaches. The acceptable risk 

level is generally defined by the U.S. EPA as an ECLR of between 10−6 (1 in a million) and 

10−4 (1 in 10,000) [41].
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The estimated lifetime cancer risk from consuming shellfish in this study was more than 20 

fold higher at beach B2 than at the other 3 locations, and more than 20 fold higher for 

subsistence consumers compared to the general population. The highest risk was for 

subsistence consumers at B2 where the ECLR was 1.3 in 10,000 based on the average clam 

concentration at that site. At B1, carcinogenic risk was lower, but remained above 1 in a 

million while at B3 and B4 risk levels were below 1 in million. For the general population, 

the ECLR at B2 was 6 in a million and below 1 in a million at the other locations.

This data demonstrates the importance of site-specific monitoring for making 

recommendations regarding shellfish consumption even within a small geographical region. 

It is important to note that the excess cancer risk calculated is based only on PAH 

concentrations. Additionally, cancer target levels set by the U.S. EPA or state agencies may 

not be representative of the target cancer levels of individual Native American tribal 

communities. Each Native American tribe may identify a different level of risk that is 

acceptable to them. Furthermore, it is essential to balance the risk of consuming potentially 

contaminated clams with both health and cultural benefits[42].

There are several important limitations to this cancer risk assessment. First, the risk 

assessment assumes that clams with the same PAH concentrations will be consumed daily 

for 70 years. Second, it is possible that clam concentrations may change over that time 

period altering the risk. The risk assessment is also limited by the relatively small numbers 

of clams which were collected from four locations and which were not chosen by random 

sample generation. In addition, this risk assessment considers only ingestion exposure to 

PAHs through the consumption of clams. In reality, total lifetime exposure to PAHs may 

occur through separate inhalation or dermal routes. This risk assessment only considers 

PAHs when in reality many other chemicals may contribute to risk. Finally, uncertainty 

exists in every PAH risk assessment due to interspecies extrapolations which are inherently 

part of the RPFs and because of the lack of toxicity data for the vast majority of PAHs[30].

Conclusions

This study showed that PAHs in butter clams collected in the Salish Sea vary considerably. It 

is possible that clams from certain locations within adjudicated usual and accustomed tribal 

fishing grounds and stations in the Pacific Northwest contain levels of PAH that are harmful 

to human health particularly for Native Americans who have higher traditional consumption 

rates. To improve monitoring of contaminant levels in clams and other shellfish while 

addressing cultural norms and limiting damage to an already fragile ecosystem, it is 

important to consider alternative proxy measurements from passive sampling devices. The 

predictive model developed in this study that was based on data collected using a sediment 

pore water passive sampling device provides a low impact, simple approach to predict PAH 

levels in butter clams within a factor of 2. As anthropogenic impacts on ecosystems continue 

to increase, the importance of accurately and noninvasively measuring contaminant 

accumulation in organisms will grow in importance.
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Figure 1. 
Individual PAH concentrations in clams (ng/g) and in sediment pore water (ng/L) versus log 

Kow. Red points represent the 62 individual PAHs in the analytical method for both clams 

and sediment pore water.
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Figure 2. 
PAH profile in clams and sediment pore water. The size of the entire rectangle at each 

location indicates the relative ∑62 PAH concentration for the clam and sediment pore water 

separately. The size of the individual colored rectangles indicates the relative individual PAH 

concentration as a fraction of the ∑62 PAH concentration for each beach location. As such 

the size of the rectangles are directly comparable between beaches when comparing clams or 

sediment pore water separately. The striped pattern indicates 2- and 3-ring PAHs, the solid 

pattern 4-ring PAHs, and the checker pattern 5- and 6-ring PAHs.
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Figure 3. 
Regression of 42 PAHs detected in spatially paired sediment pore water passive samples 

(ng/L) and in clams (ng/g). Gray points indicate PAHs with less than 3-full -rings. Excluding 

these points, a second regression was constructed (dashed line). Clams were collected from 

5 locations at each of 4 different beaches located on adjudicated usual and accustomed tribal 

fishing grounds and stations in the Puget Sound region of the Salish Sea in the Pacific 

Northwest, United States. The intercept was set to 0 (slope ± standard error).
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Figure 4. 
PAH concentration measured in clam tissue (ng/g) versus PAH concentration predicted in 

clam tissue (ng/g) from freely dissolved concentrations of PAHs in sediment pore water. 

Predicted PAH concentrations were derived from Equation 1 from the linear regression 

model displayed in Figure 3. The reference line indicates where predicted/measured values = 

1. On average, the predicted concentrations by the model were within a factor of 1.9 ± 0.2 of 

the measured values when considering only predicted and measured values greater than 1 

ng/g.
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Table 1.

Range of concentrations for ∑62 PAH in sediment pore water (ng/L) and the edible fraction of clam (ng/g) at 

beaches 1-4. Using the EPA RPF approach, the benzo[a]pyrene equivalence (ng/g) and corresponding excess 

lifetime cancer risk (ELCR) was calculated for both subsistence consumers (100g/d) and consumers in the 

general population (4.6g/d).

Beach 1 Beach 2 Beach 3 Beach 4

∑62[PAH] Sediment pore water (ng/L) 5.0-19 12-390 1.2-5.5 5.5-15

∑62[PAH] Clam (ng/g) 12-18 25-81 4.1-4.7 2.7-4.4

BaPeq Clam (ng/g) 0.45-0.59 5.7-18 0.032-0.041 0.014-0.021

ELCR Clam (subsistence) 4.7-6.1 59-190 0.33-0.43 0.15-0.22

ELCR Clam (general) 0.22-0.24 2.7-8.6 0.015-0.020 0.0068-0.056

Mar Pollut Bull. Author manuscript; available in PMC 2020 August 01.


	Abstract
	Graphical abstract.
	Introduction
	Materials and Methods
	Study location
	Field Sampling
	PSD preparation and extraction
	Clam processing and extraction
	Chemical Analysis
	Porewater concentration calculation
	Quality control
	Human health risk assessment
	Statistical Methods

	Results & Discussion
	PAH concentrations in sediment and clams
	PAH profiles
	Predictive modeling
	Human health risk assessment

	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.

