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Domoic acid (DA) is a neurotoxin that is naturally produced by phytoplankton and accumulates in seafood during
harmful algal blooms. As the prevalence of DA increases in the marine environment, there is a critical need to
identify seafood consumers at risk of DApoisoning. DAexposurewas estimated in recreational razor clam(Siliqua
patula) harvesters to determine if exposures above current regulatory guidelines occur and/or if harvesters are
chronically exposed to low levels of DA. Human consumption rates of razor clamswere determined by distribut-
ing 1523 surveys to recreational razor clam harvesters in spring 2015 and winter 2016, in Washington, USA.
These consumption rate data were combined with DA measurements in razor clams, collected by a state moni-
toring program, to estimate human DA exposure. Approximately 7% of total acute exposures calculated (includ-
ing the same individuals at different times) exceeded the current regulatory reference dose (0.075 mg DA·kg
bodyweight−1·d−1) due to higher than previously reported consumption rates, lower bodyweights, and/or by
consumption of clams at the upper range of legal DA levels (maximum20mg·kg−1wetweight forwhole tissue).
Three percent of survey respondentswere potentially at risk of chronic DAexposure by consuming aminimumof
15 clams permonth for at 12 consecutivemonths. These insights into DA consumptionwill provide an additional
tool for razor clam fishery management.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Domoic acid (DA) is a neurotoxic amino acid that is naturally pro-
duced by some species of marine diatoms in the genus Pseudo-nitzschia
and presents a significant health threat to marine mammal and human
populations via transfer of the toxin through the marine food web
(Bejarano et al., 2008; Lefebvre and Robertson, 2010; Perl et al., 1990;
Scientific Opinion of the Panel on Contaminants in the Food Chain on
a request from the European Commission on marine biotoxins in
shellfish – domoic acid, 2009; Trainer et al., 2012). Algal blooms of
DA-producing Pseudo-nitzschia are increasing in frequency and size
globally, placing coastal communities at risk due to high levels of shell-
fish consumption (Moore et al., 2008). Acute, high level DA exposure in
humans causes a neurotoxic illness known as amnesic shellfish poison-
ing (ASP) characterized by gastrointestinal distress, confusion, disorien-
tation, seizures, memory loss and death in themost severe cases (Perl et
al., 1990; Scientific Opinion of the Panel on Contaminants in the Food
, Department of Radiology, Box

. This is an open access article under
Chain on a request from the European Commission on marine
biotoxins in shellfish – domoic acid, 2009). Chronic low level DA expo-
sure (i.e. levels below those that cause the overt signs of toxicity listed
above) has been connected to increased toxin susceptibility and im-
paired mitochondrial function in laboratory studies, and potential
memory deficits in humans (Grattan et al., 2016; Hiolski et al., 2014;
Lefebvre et al., 2012).

Quantifying human exposure to seafood toxins requires knowledge
of human consumption rates, which can vary between age, race/ethnic-
ity, gender, income level, season, andmarine species consumed (Burger
et al., 1999; Donatuto and Harper, 2008; Toth and Brown, 1997; US
Environmental Protection Agency, 2014; WA Department of Ecology,
2013). Non-standard pathways leading to excessive exposure to con-
taminants and toxins include high consumption rates of self-caught
fish/shellfish among Native Americans, minorities, low-income popula-
tions, and recreationalfishers (Burger andGochfeld, 2011; Gochfeld and
Burger, 2011; O'Neill, 2000). Current fisheries' management practices
are based on consumption rates that tend to underestimate exposure
levels for these populations due to a lack of population- and site-specific
consumption rate data, and exclusion of the higher end of the consump-
tion rate distribution when establishing fishing regulations (i.e., not
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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using the highest consumption rate as a basis for exposure regulations;
Burger and Gochfeld, 2011). In addition, most fisheries are managed for
acute (short term, high level) exposure and not chronic (long term, low
level) exposure to seafood toxins, primarily due to a lack of knowledge
on long-term consumption habits and associated health effects
(Lefebvre and Robertson, 2010).

The management of razor clam (Siliqua patula) fisheries for human
DA exposure in North America began after the first reported occurrence
of amnesic shellfish poisoning (ASP) in eastern Canada in 1987 (Perl et
al., 1990; Wekell et al., 2004). A reference dose for acute DA exposure
(acute reference dose: ARfD = 0.075 mg DA·kg bodyweight−1·d−1)
for human consumers was established by the US Food andDrug Admin-
istration based on DA concentrations in uneaten clams during the Cana-
dian event, lowered by an order ofmagnitude as a safety factor formore
susceptible demographics (Marien, 1996; Wekell et al., 2004). The US
regulatory limit for DA levels in razor clams considered safe for harvest
(b20 mg·kg−1 wet weight for whole tissue) was established by calcu-
lating the maximum razor clam DA levels consumed by a 70 kg person,
who ate 6 clams in one meal, that would produce an exposure equiva-
lent to the ARfD (Marien, 1996; Wekell et al., 2004). The assumed
human consumption rate was based on a survey of recreational razor
clam harvesters on the coast of Washington, USA, conducted over one
weekend, at a single beach in 1993. The use of this consumption rate
(6 clams·day−1) and a single bodyweight (70 kg) for exposure calcula-
tions risks the omission of temporal, demographic, and spatial variation
in toxin exposure found in other recreational fisheries (Burger and
Gochfeld, 2011; Gochfeld and Burger, 2011; Marien, 1996). Consumers
who eat more than six clams in a meal, weigh b70 kg, or are otherwise
sensitive to DA toxicity (children, pregnant women, elderly, and those
with renal dysfunction) may not be adequately protected by current
DA regulations (Doucette et al., 2004; Doucette et al., 2000; Funk et
al., 2014; Hesp et al., 2007; Maucher and Ramsdell, 2007; Perl et al.,
1990).

Razor clam fisheries do not have regulatory limits for long-term,
low-level exposure to DA (below the regulatory limit of 20 mg·kg−1

wet weight for whole tissue) despite the ability of razor clams to retain
DA for over a year after a HAB event (Wekell et al., 1994). A current lack
of knowledge of long-term razor clam consumption behaviors and of
potential human health effects of repeated, low-level exposure has pre-
cluded the inclusion of chronic exposure in management policies for
this fishery (Lefebvre and Robertson, 2010). Limited studies on low
dose, acute DA exposure and low dose, repetitive DA exposure present
the potential for human health impacts that are not currently regulated.
Lower dose, short-termDA exposures inmouse and ratmodels have led
to lower seizure thresholds, persistent changes in behavioral and mo-
lecular indicators of stress response, renal dysfunction, and effects on
levels of spontaneous behavior (Funk et al., 2014; Gill et al., 2010; Gill
et al., 2012; Schwarz et al., 2014). California sea lions (Zalophus
californianus) and rats have shown chronic health effects in the form
of persistent toxicity syndrome stemming from short-term, acute DA
exposure (Cook et al., 2015; Goldstein et al., 2008; Muha and
Ramsdell, 2011). Repetitive (chronic), low-level DA exposure experi-
ments have shown subclinical signs of toxicity in the form of increased
toxin susceptibility and impaired mitochondrial function in zebrafish
(Hiolski et al., 2014; Lefebvre et al., 2012) while shorter-term repetitive
low-level exposure studies in rats and cynomolgus monkeys reported
no signs of toxicity (Truelove et al., 1996; Truelove et al., 1997).
Grattan et al. (2016) were the first to study chronic DA exposure in
human consumers (American Indians in Washington State), recording
potentialmemory impairment associatedwith chronic, low level DA ex-
posure via self-reported razor clam consumption. In response to Grattan
et al. (2016), Washington State (USA) recently issued a health advisory
suggesting consumers limit their razor clam consumption to 15 clams
per month over 12 month period (http://www.doh.wa.gov/
CommunityandEnvironment/Shellfish/BiotoxinsIllnessPrevention/
Biotoxins/DomoicAcidinRazorClams, accessed October 15th, 2016). It is
unknown if recreational fishers consume clams at the frequency and
magnitude of subsistence harvesters, and if this chronic health advisory
is applicable to this population of harvesters.

Washington razor clams are the basis for important tribal, commer-
cial, and recreational fisheries. The recreational fishery season is worth
approximately US$24 million–US$40 million in related expenditures
and included 397,000 people harvesting 5.7 million clams in 2014/
2015 (Ayres, 2015a, b; Dyson and Huppert, 2010). A record-setting
bloom of DA-producing diatoms occurred along the US west coast
from spring 2015 through early 2016, causing fisheries closures of
razor clams, Dungeness crabs, sardines, and negatively impacting ma-
rine mammals along the North American west coast (McCabe et al.,
2016). This bloomwas considered a preview of future conditions, as in-
creased frequency and toxicity of DA-producing phytoplankton blooms
are predicted under future ocean acidification and warming scenarios
(Wells, 2015). This recent occurrence of elevated DA levels in razor
clams resulted in a unique opportunity to directly quantify the exposure
of recreational harvesters across a range of DA levels to determine if cur-
rent management thresholds adequately protect the razor clam con-
suming population.

The goals of this study were to determine if recreational razor clam
harvesters are exposed to DA levels above the regulatory reference
levels and/or chronically exposed to low levels of DA. Estimates of actual
human DA exposure levels were calculated on the Washington outer
coast in spring 2015 and winter 2016, based on shellfish consumption
rates and clam DA levels measured during the same time period.
These consumption rate data contributed to the development of a pre-
dictive model used to estimate human DA exposure under varying
razor clam DA levels. These results can be used to identify potential
DA exposure risks to humans that are above the established seafood
safety allowable limit and determine if human long-term, chronic,
low-level DA exposure occurs.

2. Materials and methods

2.1. Razor clam DA data collection

TheWashingtonDepartment of health (WDOH), in partnershipwith
the Washington Department of Fish and Wildlife (WDFW), provided a
time series of razor clam DA concentrations from four razor clam recre-
ational harvest beaches (Longbeach, Twin Harbors, Copalis, Mocrocks)
on the Washington coast from 1991 to 2016 (Fig. 1 & Supplementary
material A2). Longbeach extends from the Columbia River to Leadbetter
Point, TwinHarbors Beach extends from themouth ofWillapa Bay north
to the south jetty at the mouth of Grays Harbor, Copalis beach extends
from the Grays Harbor north jetty to the Copalis River, and Mocrocks
beach extends from the Copalis River to the southern boundary of the
Quinault Reservation near the Moclips River (Supplementary material
A2). WDFW collected 12 adult clams per sample from 3 separate sec-
tions of each beach approximately every 2 weeks, or more frequently
during fishery openings and when DA concentrations were elevated
(Ayres, 2015b). WDOH pooled and homogenized the 12 clams, and ex-
tracted DA from homogenized razor clam tissue using a methanol:
water extraction procedure. High Pressure Liquid Chromatography
was used as the means of separation and quantitation of DA from the
sample extracts (Quilliam et al., 1991). Final values represented average
concentrations of DA in razor clams (not including epi-domoic acid), re-
ported as fresh weight for whole tissue.

We analyzed the variation in razor clam DA levels across beaches
(Supplementary material A2) to determine if consumers who harvest
clams fromdifferent beaches should be analyzed separately or together.
The uneven clam DA sampling frequency was addressed by using two-
week averages of DA for each beach in our analysis. The razor clam DA
time series data were analyzed for spatial and annual variation by
conducting an ANOVA on the annual means of log transformed DA
data from each of the four harvesting beaches, including the beach,
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Fig. 1.Monthly averages of razor clam domoic acid (DA) levels (mg·kg−1 fresh weight of
whole tissue) from January 1991–March 2016. The red lines denote the time periods in
which the clam consumption surveys were conducted (March–May 2015 and
December–March 2016). The horizontal dashed line represents the current regulatory
limit for razor clams (20 mg·kg−1 fresh weight of whole tissue).
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year, and the interaction between beach and year as factors in the
analysis.

2.2. Human clam consumption data collection

To estimate the amount and frequency of clams consumed and to
determine the presence of elevated acute and chronic exposure, 1523
surveys were distributed across the four recreational harvest beaches
from March 20 through May 7, 2015 and December 24 through March
19, 2016 (Supplementary material A2). WDFW distributed the surveys
during routine monitoring of razor clam recreational fishery openings,
following the survey distribution methods used in Dyson and Huppert
(2010). Clamming parties were approached, given a brief verbal de-
scription of the research project and asked to complete the survey.
The survey was given to one, adult member of each clamming party.
The survey was completed and mailed back to the research team anon-
ymously. The survey distribution occurred during Washington state
managed fishery openings and not during tribal fishery openings,
which occur at different times. Thus the Quinault, Quileute, and other
local tribes are not expected to be represented in this survey.

The survey collected data on the amount (#clams eaten·day−1) and
frequency (#days eating clams·month−1) of human consumption of
razor clams over the past two years (a copy of the survey is provided
in Supplementary material A1). Data were also collected on harvest
and consumption behaviors including the months in which clams
were eaten, beaches used for harvesting, and whether clams were
eaten immediately or preserved and eaten at a later date. Survey re-
spondents could answer questions regarding clam consumption fre-
quency and amount for up to six members of their household
(including age and gender of those household members). Other ques-
tions, including race, household zipcode, and clam preserving behav-
iors, could only be answered by the primary survey respondent.
Analysis was restricted to surveys that included age, gender, number
of clams eaten per day, and number of days month per month in
which clams were eaten.

2.3. Human DA exposure analysis

Actual human exposure to DA through razor clam consumption was
estimated during the period of survey distribution using the
consumption rate survey data and theWDOH razor clamDA time series.
The consumption survey data provided average daily razor clam con-
sumption rates for eachmonth (Q=clams eaten·day−1). Consumption
data from all household members in the survey were used in the analy-
sis (surveys could include consumption data for up to 6 family mem-
bers). Weekly average DA levels in razor clams (mg·kg−1) were
calculated to correspond to the survey period from all four recreational
harvest beaches. Daily human DA exposure (mg DA·kg
bodyweight−1·day−1) through clam consumption was calculated fol-
lowing Marien (1996)

DAhuman ¼ Q ∙Wclam∙DAclamð Þ
Whuman

ð1Þ

assuming an average clam weight of 0.045 kg (Wclam) (Marien, 1996).
Gender- and age- specific bodyweights for consumers aged 1–20 years
were used to calculate human DA exposure in spring 2015 and winter
2016 (Whuman: Supplementary Table S1) (Fryar et al., 2012). Ages 21
and above were assigned mean weights specific to their age group
(21 years–40 years, 41 years–60 years, 61+years) and gender (Whuman:
Supplementary Table S1) (Fryar et al., 2012). When predicting human
DA exposure using the statistical model, consumers under 10 years of
age were not included and mean, gender specific bodyweights were
used for ages 10–20 (Supplementary Table S1). Consumers under
10 years of age were not included as our sample size was too small,
given the relatively large range in consumption rates and bodyweight
in that age range.

A common approach to modeling these types of data is using a two
stagemodeling approach; firstmodeling consumption/no consumption
and then, in cases where clams are eaten, modeling the corresponding
consumption rate (Martin et al., 2005; Zeileis, 2008; Zuur, 2009). How-
ever, the focus of the study was to determine how many clams were
eaten,when clamswere being eaten (and the subsequentDAexposure).
Therefore, the analysis was simplified by applying amixed effect gener-
alized linear model with a truncated negative binomial distribution to
the positive count data only, using the R programming environment
(R Core Team, 2013). In this way, the added complexity of modeling
the consumption/no consumption component of the data was avoided,
reducing overall uncertainty of our predictions. Mixed effects, general-
ized linear models were used to explain variation in the count data de-
scribing the number of clams eaten per day. Individual survey
identifiers and individual household members were treated as nested
random effects to account for the lack of independence among con-
sumption habits of members of the same household (up to six house-
hold members could be included in one survey), and between
monthly consumption rates for an individual person. The explanatory
variables of the model included age group, month, and gender. Akaike
Information Criterion (AIC) was used to determine the model that
best explained variation in the clam consumption data. The predicted
values for number of clams eaten per day can be interpreted as the av-
erage clam consumption rates and resulting DA exposures, on days
when clams are being consumed.

For the purposes of this study, acute exposure was defined as ex-
ceeding the ARfD (0.075 mg DA·kg bodyweight−1·d−1) and chronic
exposure was defined as consumption of a minimum of 15 clams per
month for 12 consecutive months (Grattan et al., 2016). Using this
chronic exposure definition, we compared DA exposures of chronic
clam consumers for 12 months prior to the DA bloom (May 2015)
with potential exposure after the fishery reopened (January–December
2016) to determine the range of potentialmonthly exposure for chronic
consumers. We only used chronic consumers from the spring survey
population as the fishery was closed for six months prior to the winter
survey. For each individual who met the chronic consumption thresh-
old, we calculated the number of clams eaten per month. We combined
monthly average razor clam DA values from the Washington Depart-
ment of Health for the pre- and post-bloom period, with the chronic
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consumption rates (using the same consumption rates for both timepe-
riods) to estimate pre- and post-bloom monthly DA exposure.
3. Results

Annual concentrations of DA in razor clams sampled from each of
the four harvesting beaches were highly correlated (R2 = 0.82–0.97)
and showed no significant difference between beaches (F (3,92) =
0.208, p N 0.1). The DA values differed by year (F (1,92) = 14.083,
p b 0.001) but the interaction termbetween beach and yearwas not sig-
nificant (F (3,92) = 0.08, p N 0.1). As a result, razor clam DA data were
combined from all four harvesting beaches into a single dataset to be
used in the human exposure estimates below.

Of the 1523 consumption rate surveys distributed, 37% were
returned from across all beaches (315 surveys in spring 2015, 246 sur-
veys fromwinter 2016) (Table 1). The 561 surveys contained clam con-
sumption rates (#clams eaten·d−1 and#days·month−1 inwhich clams
were eaten), age, and gender data for 965 people (Table 1). The vastma-
jority of survey responses came fromWashington and to a lesser extent
Oregon, with a few representatives from Alaska, Idaho, Montana, Neva-
da, and California (Supplementary material A2).

The surveys provided information on age, gender, race, household
zipcode, and harvesting and preserving behaviors of recreational razor
clam harvesters. The ages of survey respondents (including all 965
household members described in the surveys) ranged from 1 to
91 years. The age of 77% of the household members was N41 years
(Table 1). Of all 965 respondents, 46% were female and 54% were
male. Of all the surveys, 88% of the primary responders listed their
race as “White”.

Calculated exposures of recreational harvesters in spring 2015
and winter 2016 followed the increasing and decreasing trends of
clam DA concentrations, and exceeded the ARfD (0.075 mg DA·kg
bodyweight−1·d−1) in numerous instances (Figs. 2 and 3). Consumers
(often the same consumers in multiple months) exceeded the ARfD
threshold 246 times (33 in spring 2015 and 213 in winter 2016), or
7.4% of the total exposure estimates across all time periods. The rapid in-
crease in clamDA levels in spring 2015 resulted in consumers exceeding
the ARfD in the last month prior to the fishery closure (May). The slow
depuration of DA in clams resulted in consumers exceeding the ARfD
four months after the fishery reopened (Dec–March 2016) period. Dur-
ing the spring 2015 season, mean exposures for males under 21 years
exceeded the ARfD in May 2015, when razor clam DA levels were at
their highest legal levels (Fig. 2). Exposures within one standard error
of the mean exceeded the ARfD for both genders aged 41–60 years
(Fig. 2). During the winter 2016 season, mean exposures for females
under 21 years exceeded the ARfD in December and January, and expo-
sures within one standard error of themean exceeded the ARfD inmul-
tiple other age groups and months (Fig. 3).
Table 1
A summary of thenumber of surveys returned, and of surveys and householdmembers, by
age (year) and gender (female/male), specifying #clams eaten per day and #days per
month in which clams were eaten.

Survey category Total Spring
2015

Winter
2016

Total returned 561 315 246
Surveys with clam consumption data 449 261 188
Household members with clam consumption data 965 570 395
Age 1:20 30/38 23/20 7/18
Age 21:40 64/76 35/43 29/33
Age 41:60 173/191 104/116 69/75
Age 61+ 179/214 103/126 76/88
The model that best explained variation in human consumption
rates of razor clams eaten per day was the full model, including month
consumed, gender, age group, and season the survey was distributed
as fixed variables (Table 2,ΔAIC b 2). The predicted mean consumption
rate across all genders and months, on days when clams are eaten, was
6.0±0.9 (mean±SD) clams·day−1. Males atemore clams·day−1 than
females (6.5 clams·day−1 ± 0.8 and 5.4 clams·day−1 ± 0.6 respective-
ly) and respondents from the surveys distributed in spring 2015 had
higher consumption rates than the respondents from the winter 2016
distribution (6.5 clams·day−1± 0.8 and 5.4 clams·day−1± 0.7 respec-
tively) (Fig. 4).Model estimated consumption rates of respondents from
both survey distribution periodswere highest in April and lowest in the
summer months (May–September).

Average clam consumers met the ARfD threshold (0.075 mg·kg−1)
while consuming clams under the regulatory limit (razor clam DA =
20 mg·kg−1 wet weight for whole tissue) in 4 out of 16 subgroups
(age/gender/survey season; Table 3). Consumers within one standard
error of the estimated mean daily clam consumption rate met the
ARfD threshold while consuming razor clams with DA values
below the regulatory limit in 14 out of 16 subgroups (Table 3).
Consuming clams that have the long-term mean DA levels under legal
harvesting conditions (razor clam DA = 4 mg·kg−1 wet weight for
whole tissue) produced daily human exposures b0.025 mg DA·kg
bodyweight−1·day−1 for all groups.

Male respondents from the Spring 2015 survey distribution, aged
10–20 years old, had the highest DA exposure due to lower
bodyweights than other age groups and higher consumption rates
than females and the winter survey population (Table 3, Figs. 4 & 5).
Consumers within one standard error of themean daily clam consump-
tion rate of this group exceeded the ARfD when consuming razor clams
with DA concentrations N14.7 mg·kg wet weight for whole tissue
(Fig. 5). Predicted daily DA exposure ofmale consumers from the spring
population,within one standard error from themean consumption rate,
ranged from 0.003 to 0.09 mg DA·kg bodyweight−1·day−1 under legal
harvesting scenarios (razor clam DA b 20 mg·kg−1 wet weight for
whole tissue) (Fig. 5). The relatively large range of bodyweights be-
tween 10 and 20 year olds probably resulted in the overestimation of
exposure of the older consumers (i.e. 20 year olds) and the underesti-
mation of exposure of the younger consumers when applying a single
average bodyweight.

Of the 965 survey responses, 27 people (3%) from 20 families
reached our consumption threshold of chronic exposure, eating a mini-
mum of 15 razor clams per month for 12 consecutive months. The 27
chronically exposed consumers ate an average of 10 clams per day on
days when they ate clams. Twenty-four people in this group ate six or
more clams per day, on days they ate clams, for 12 consecutive months.
The demographics of this consumer group were 67% male and all over
the age of 40 (63% over the age of 60). Respondents from the spring sur-
vey population constituted 70% of the chronic consumers.

We calculated themeanDA exposure to chronic consumers for those
meeting the threshold of 15 clams per month for 12 consecutive
months, for the spring survey population (Supplementary Table S2).
We only used the spring survey population as the fishery was closed
for approximately seven months prior to the winter survey. The pre-
bloom monthly average DA exposure for each age/gender group of the
19 chronic consumers represented in the spring survey population
ranged from 0.011 (0.006) mg·kg−1·month−1 to 0.014 (0.009)
mg·kg−1·month−1 (Fig. 6 & Supplementary Table S2). When applying
the same monthly clam consumption rates to clam DA levels in the
months post bloom (January 2016–December 2016) chronic exposures
ranged from 0.116 (0.073)–0.145 (0.092) (mg DA·kg bodyweight−1·-
month−1) (Fig. 6 & Supplementary Table S2). The average (±SD) DA
concentrations in razor clams were 0.9 (±0.4) mg·kg−1 wet weight
for whole tissue pre-bloom (May 2014–April 2015) and 9.4 (±4.7)
mg·kg−1 wet weight for whole tissue once the fishery had reopened
post-bloom (January 2016–December 2016).



Fig. 2. Weekly mean domoic acid (DA) levels in razor clams from March 23 to May 7, 2015 (A) and corresponding weekly mean DA exposure (mg DA·kg bodyweight−1·d−1) for
recreational harvesters from the last week in March to the first week in May 2015 (B). DA exposures are aggregated by age and gender. Colors represent four age groups of 10–
20 years (light gray), 21–40 years (dark gray), 41–60 years (white), and 61+ years (medium gray), and pattern represents gender (female = solid, male = hatched). The dashed line
in the lower panel represents the acute reference dose (ARfD) of 0.075 mg DA·kg bodyweight−1·d−1 that was used to set the legal limit for DA levels in razor clams of 20 mg·kg−1

fresh weight of whole tissue. The error bars represent exposure calculated using DA levels one standard error above/below the mean and consumption rates one standard error above/
below the mean (using Eq. (1)).

Fig. 3. Weekly mean domoic acid (DA) levels in razor clams from December 24, 2015 to March 20, 2016 (A) and monthly mean DA exposure (mg DA·kg bodyweight−1·d−1) for
recreational harvesters from December 24, 2015 to March 20, 2016 (B). Domoic acid exposures are aggregated by age and gender. Colors represent four age groups of 10–20 years
(light gray), 21–40 years (dark gray), 41–60 years (white), and 61+ years (medium gray), and pattern represents gender (female = solid, male = hatched). The dashed line in the
lower panel represents the acute reference dose (ARfD) for DA exposure from razor clams (0.075 mg DA·kg bodyweight−1·d−1). The error bars represent exposure calculated using
DA levels one standard error above/below the mean and consumption rates one standard error above/below the mean (using Eq. (1)).
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Table 2
Models explaining variation in #clams eaten·day−1, including degrees of freedom (df),
Akaike Information Criterion (AIC) and AIC values relative to the lowest value (ΔAIC).

Model (fixed variables) df AIC ΔAIC

Intercept 4 22,351.4 104.4
Month consumed 15 22,343.4 96.4
Gender 5 22,270.4 23.4
Age 7 22,343.8 96.8
Season distributed 5 22,346.6 99.6
Month consumed + gender 16 22,262.4 15.4
Gender + age 8 22,259.6 12.6
Month consumed + age 18 22,335.6 88.6
Season distributed + month consumed 16 22,338.6 91.6
Season distributed + gender 6 22,265.6 18.6
Season distributed + age 8 22,339 92
Month consumed + gender + age 19 22,251.6 4.6
Month consumed + gender + season distributed 17 22,258 11
Month consumed + gender + age + season distributed 20 22,247 0
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4. Discussion

This study produced the first quantitative estimates of acute and
chronic human exposure to DA from consuming razor clams in North
America. Two populations of recreational shellfish harvesters were
identified to be potentially at risk to DA toxicity due to elevated and/
or chronic, low level exposure to DA. One group of consumers would
be exposed to DA levels above the regulatory reference dose for acute
exposure if they harvested clams that had DA concentrations at the
upper end of the legal limit. The second group of consumersmay be sus-
ceptible to potential health impacts from chronic, low level exposure to
DA. The majority of consumers had DA exposures below the threshold
used by regulatory agencies to determine acceptable levels in razor
Fig. 4. Predicted consumption rates (clams·d−1), when eating clams, summarizing each mon
groups of 10–20 years (light gray), 21–40 years (dark gray), 41–60 years (white), and 61+ y
The dashed line represents the clam consumption rate (6 clams·d−1) used as the basis of cu
(middle horizontal line), and third quartile (higher horizontal line). Vertical lines represent da
clams (ARfD = 0.075 mg DA·kg bodyweight−1·d−1) (Wekell et al.,
2002).

In the Washington State razor clam fishery, the majority of har-
vesters who adhere to management guidelines (harvesting clams with
DA b 20mg·kg−1 fresh weight for whole tissue) are protected from ef-
fects of acute DA exposure, however some may be unknowingly ex-
posed to DA levels above those deemed safe for the general public.
Acute DA exposures of the at-risk consumers from our study exceeded
the ARfD due to a combination of higher consumption rates, lower
bodyweights than those used to create the regulations (6 clams·day−1

and 70 kg bodyweight) (Wekell et al., 2002), and consumption of clams
with high, but legal DA levels (above approximately 14.7mg·kg−1 fresh
weight for whole tissue). It is assumed that most consumers are not
aware that the regulations are based on this consumption rate and
bodyweight, and thus are unaware when they exceed the ARfD. This
study improved upon the previous understanding of razor clam con-
sumption rates (Marien, 1996), by adding additional demographics
(gender and age), spatial coverage (multiple beaches), temporal cover-
age, and using gender- and age-specific bodyweights in the exposure
calculations. Importantly, children and young adults (10–20 years of
age) had the highest predicted DA exposure due to their lower
bodyweights, despite lower consumption rates than other age groups,
as has been found in other exposure studies (e.g., Weirich and Miller,
2014). In addition, the survey respondents from the spring distribution
had higher consumption rates than those from the winter distribution,
indicating a potentially different population of razor clam harvesters.
Despite these estimated incidents of exposure exceeding the ARfD,
there have been no documented cases of amnesic shellfish poisoning re-
ported in Washington State, potentially due to unrecognized and unre-
ported symptoms, or due to the order of magnitude safety margin
incorporated in the ARfD calculation. This safety margin could be in-
creasingly tested in the future as toxic algal blooms are predicted to
th across age group, gender, and season of survey distribution. Colors represent four age
ears (medium gray), and patterns represent gender (female = solid, male = hatched).
rrent regulatory limits. Boxplots represent, first quartile (lower horizontal line), median
ta points between the first or third quartile and 1.5 times the interquartile range.



Table 3
Summary of model parameter values at which predicted human DA exposure equals the acute reference dose (ARfD: 0.075mg·kg−1) for each gender, age group, and survey population.

Age (year) Gender Weight (kg) #Clams eaten per day Clam DA values (mg·kg−1) at which human
exposure = AFrD, calculated using mean (±SE)
consumption rates

Winter mean (SE) Spring mean (SE) Winter population Spring population

10–20 Female 59.1 4.4 (1.2) 5.2 (1.1) 22.5 (17.7–30.9) 18.8 (15.5–23.8)
Male 65.8 5.3 (1.2) 6.3 (1.1) 20.7 (16.8–26.8) 17.3 (14.7–21.0)

21–40 Female 74.7 5.1 (1.3) 6.1 (1.2) 24.2 (19.5–32.0) 20.2 (17.0–25.0)
Male 88.3 6.2 (1.3) 7.4 (1.2) 23.6 (19.6–29.7) 19.7 (17.0–23.5)

41–60 Female 76.1 5.3 (1.3) 6.3 (1.2) 23.9 (19.4–31.3) 20.0 (16.9–24.5)
Male 92.9 6.4 (1.3) 7.7 (1.2) 24.1 (20.1–30.1) 20.2 (17.5–23.8)

61+ Female 73.9 4.9 (1.3) 5.8 (1.2) 25.1 (20.0–33.8) 21.0 (17.5–26.3)
Male 89 5.9 (1.3) 7.1 (1.2) 18.6 (16.0–22.1) 20.9 (17.9–25.1)
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increase in frequency under future ocean warming conditions (Lewitus
et al., 2012; Moore et al., 2008).

The order of magnitude safety factor built into the ARfD is intended
to protect consumer groups most sensitive to domoic acid toxicity in-
cluding young children, pregnant women, elderly populations, and
those with renal dysfunction, largely based on evidence from non-
human animalmodels. Postnatalmice in critical stages of brain develop-
ment have shown increased sensitivity to DA toxicity, resulting in per-
manent behavioral and histochemical consequences (Doucette et al.,
2004). Prenatal DA exposure has led to memory loss, learning deficits,
hippocampal degradation, long-lasting neurological and behavioral ef-
fects in rats, and reproductive failure in California sea lions
(Dakshinamurti et al., 1993; Doucette et al., 2000; Goldstein et al.,
2009; Levin et al., 2005; Maucher and Ramsdell, 2007). Elderly con-
sumers had higher susceptibility to DA toxicity in the 1987 Canadian
DA poisoning event summarized by Perl et al. (1990) and aged rats
have shown higher susceptibility to DA toxicity, potentially due to
Fig. 5. Predicted daily oral domoic acid (DA) exposure (mg DA·kg bodyweight−1·d−1) over t
consumers from the Spring 2015 survey population across all age groups: (a) 10–20 years, (
standard error. The dashed, horizontal line is the acute reference dose (ARfD: 0.075 mg DA·
dashed, vertical line denotes the DA value in clams at which that consumer group exceeds the
impaired renal function, increased blood-brain barrier permeability, or
loss of intrinsic neuroprotective mechanisms during brain aging (Hesp
et al., 2007; Hesp et al., 2004; Kerr et al., 2002). Renal filtration is the pri-
mary route for DA elimination and impaired renal function can increase
DA toxicity in mice and rats (Funk et al., 2014; Suzuki and Hierlihy,
1993).

While the human health effects of chronic, low level DA exposure
are still being determined, this study demonstrates that some recrea-
tional clam harvesters consume clams at rates that meet and exceed
existing chronic exposure thresholds (Grattan et al., 2016). Extrapolat-
ing our survey results to the 397,000 recreational diggers in the 2014–
2015 WA season, approximately 11,910 razor clam harvesters were
chronically exposed to low levels of DA as defined as 15 clams per
month for 12 months (Ayres, 2015b). Of additional concern, a subset
of the chronically exposed population would also be at risk to elevated
exposure above the ARfD, due to consumption rates higher than the av-
erage used to base existing regulations (6 clams·day−1) during periods
he range of DA levels in legally harvested razor clams (DA = 1–20 mg·kg·d−1) for male
b) 21–40 years, (c) 41–60 years, and (d) 61+ years. The shaded areas represent ± one
kg bodyweight−1·d−1) for human DA exposure used by US management agencies. The
ARfD.



Fig. 6.Average (±SD)monthly DA exposure (mg DA·kg bodyweight−1·d−1) for chronic consumers (eating 15 clams permonth for 12months) fromMay 2014–April May 2015 (prior to
the DA bloom: white) and after the fishery reopened from January–Dec, 2016 (after the DA bloom: black).
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of elevated DA levels in clams. Limited studies have shown the potential
for human health impacts from chronic, low level DA exposure. Repeti-
tive, low dose experiments simulating chronic exposure have shown in-
creased toxin susceptibility and impaired mitochondrial function in
zebrafish after 20 weeks and 18 weeks respectively (Hiolski et al.,
2014; Lefebvre et al., 2012). Truelove et al. (1996) and Truelove et al.
(1997) found no signs of toxicity after repeated, low dose DA exposure
in cynomolgusmonkeys (30 day exposure) and rats (64 day exposure),
although these studies focused on traditional clinical indicators of toxic-
ity such as gross histologic lesions and blood chemistry. In the first
human chronic exposure study, Grattan et al. (2016) assessed cognitive
function and clam consumption rates of subsistence razor clam har-
vesters in Washington State over four years and determined memory
impairment was associated with consumption of 15 or more razor
clams per month over twelve months. However, the authors question
the clinical significance of this finding as the memory impairment was
within the normal range of memory measures. We could not directly
compare our estimated DA exposure levels of chronically exposed con-
sumers to Grattan et al. (2016), as they did not publish the DA exposure
levels in their human study.

Obtaining accurate seafood consumption rates that reflect the diver-
sity of consumers is essential to protecting the population from expo-
sure to related toxins (Andjelkovic et al., 2012; Burger and Gochfeld,
2011; O'Neill, 2000; The Suquamish Tribe, 2000; US Environmental
Protection Agency, 1988; WA Department of Ecology, 2013). Exposure
to unsafe levels of toxins due to elevated consumption rates has been
documented among other recreational fisher communities (Burger,
2013; Burger et al., 1999; Mayfield et al., 2007; Picot et al., 2013) and
the US Environmental Protection Agency has recognized the need for
seafood consumption rates that represent broader demographics (US
Environmental Protection Agency, 2014). Unrepresentative data can
lead to a lack of confidence in fisheries management, resulting in har-
vesters consuming seafood at rates that will result in higher than rec-
ommended toxin exposure levels (Roberts et al., 2016). Conversely,
harvesters may reduce their seafood consumption due to unwarranted
safety concerns, with potential adverse effects on personal health
(Beehler et al., 2002; Burger, 2013; Burger and Gochfeld, 2009). Our
study provided preliminary DA exposure estimates of age and gender
subgroups within the recreational population, however the survey de-
sign did not obtain a representative sample of all demographics. Our
survey population did not include equal representation fromminorities,
Native Americans, and younger demographics (b40 years of age). We
were also dependent on harvesters returning the survey to us, biasing
the results towards those who have the interest and ability to partici-
pate in the study. Now that the presence of acute and chronic exposure
has been identified in this population, a more structured follow-up sur-
vey should be conducted to obtain more accurate exposure estimates
across the diversity of the population.

5. Conclusions

Current management guidelines for human DA exposure via razor
clams are based on consumption rates and bodyweights that do not re-
flect the diverse recreational harvesting community. The inclusion of
demographically and temporally specific data in DA exposure calcula-
tions resulted in the identification of recreational razor clam harvester
groups with estimated acute DA exposures higher than the current
ARfD. A group of harvesters was also identified that was chronically ex-
posed to low levels of DA over multiple months, reinforcing the impor-
tance of investigating the effects of repetitive, low level DA exposure.
While this study provides valuable, first estimates of the average DA ex-
posures of recreational razor clam harvesters, biases in the survey par-
ticipants suggest the need for a structured follow up study to inform
policy recommendations. The extent of these two types of exposures
across the diversity of clam harvesters can be determined by a more in-
tensive, structured study that ensures adequate representation of all
consumer groups. It will become increasingly important to understand
and communicate the limits of environmental safety regulations as
ocean conditions change and toxic algal blooms becomemore frequent
(Wells, 2015).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2017.01.006.
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