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INTRODUCTION

Domoic acid (DA) is a hydrophilic neurotoxin pro-
duced by diatoms of the genus Pseudo-nitzschia
and the cause of amnesic shellfish poisoning (ASP) in
humans (Bates et al. 1989). Humans are exposed to
the toxin by consuming DA-contaminated shellfish
(Waldichuk 1989, Wright et al. 1989). ASP symptoms
vary according to the ingested DA dose and include
vomiting and diarrhea, with higher exposures poten-
tially leading to neurological effects such as disorienta-

© Inter-Research 2010 · www.int-res.com*Email: fmazzill@ucsc.edu

FEATURE ARTICLE

Angler exposure to domoic acid via consumption of
contaminated fishes

Fernanda F. M. Mazzillo1,*, Caroline Pomeroy2, Julie Kuo1, Pete T. Ramondi3, 
Raquel Prado4, Mary W. Silver1

1Department of Ocean Sciences, University of California Santa Cruz, 1156 High Street, Santa Cruz, California 95064, USA
2California Sea Grant Extension Program, University of California Cooperative Extension, 1432 Freedom Blvd, Watsonville, 

CA 95076, USA
3Department of Ecology and Evolution, University of California Santa Cruz, Center for Ocean Health, 100 Shaffer Road, 

Santa Cruz, California 95064, USA
4Department of Applied Mathematics and Statistics, University of California Santa Cruz, 1156 High Street, Santa Cruz, 

California 95064, USA

ABSTRACT: Domoic acid (DA) is a neurotoxin that
causes amnesic shellfish poisoning, and fish are recog-
nized vectors of DA to marine fauna. However, the
exposure of anglers through consumption of DA-
contaminated fish is unknown. We measured DA in 11
fish species targeted by Santa Cruz Wharf (SCW)
anglers in Monterey Bay, California, USA, and sur-
veyed anglers regarding their fish consumption pat-
terns. In addition, we used California mussel Mytilus
californianus DA data provided by the state of Califor-
nia and our measurements of DA in seawater to exam-
ine the associations between DA in fish viscera versus
in mussels and seawater. DA was detected in the vis-
cera of 7 fish species commonly consumed by anglers,
and toxin uptake in fishes varied according to their
diet. DA was almost entirely in the viscera, with low
DA concentrations detected in muscle tissue. The
majority of anglers (58% of 565) reported consuming
their catch, with a small fraction ingesting the viscera.
Total DA concentrations in fish decreased significantly
after 11 mo storage at –20°C. DA concentration in sea-
water and California mussels was correlated with DA
in the viscera of some but not all fish groups. We con-
clude that SCW anglers who consume their catch are
exposed to asymptomatic DA doses, and that exposure
is a function of the species and parts consumed, as well
as storage methods and DA levels in the seawater
when the fish are caught.
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Fishing at the Santa Cruz Wharf: anglers who consume their
fish catch may become contaminated with domoic acid, a
neurotoxin produced by several species of Pseudo-nitzschia
(inset).
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tion, seizure, short-term memory loss and, in extreme
cases, death (Pulido 2008). The first documented case of
ASP occurred in 1987 in Prince Edward Island, Canada.
At that time, 108 persons who consumed DA-contami-
nated blue mussels Mytilus edulis were diagnosed with
ASP symptoms; 3 of them died (Perl et al. 1990). The
estimated DA dose ingested by victims in this event
ranged between 60 and 290 mg (Jeffery et al. 2004).

DA was discovered in California in 1991 and the
California Department of Public Health (CDPH) sub-
sequently added DA to the phycotoxins monitored in
California mussels Mytilus californianus as part of the
Preharvest Shellfish and Marine Biotoxin Monitoring
Program. This program appears to have been effective
in protecting consumers of commercially and recre-
ationally caught shellfish, since no ASP cases have
been reported in California even though toxin levels in
local waters have occasionally been high. However,
DA also can be transferred from Pseudo-nitzschia to
fish, which can contaminate marine birds such as
brown pelicans Pelecanus occidentalis and Brant’s cor-
morants Phalacrocorax penicillatus, and marine mam-
mals such as California sea lions Zalophus californi-
anus, which prey upon the contaminated fish (Work et
al. 1993, Lefebvre et al. 1999, Scholin et al. 2000).
Presently, there is no formal monitoring of DA in recre-
ationally caught fish (G. Langlois pers. comm.), yet DA
has been found in fishes at locations where anglers fish
(Fire & Silver 2005). Thus, humans may be exposed to
DA through consumption of not only shellfish but also
recreationally caught finfish.

In addition, DA has been detected in fish species
that are commonly targeted by California anglers
(SCCWRP & MBC 1994, RecFIN 2009). The planktivo-
rous northern anchovy Engraulis mordax and Pacific
sardine Sardinops sagax have been found to contain
DA on the California and Portuguese coasts, respec-
tively (Vale & Sampayo 2001, Lefebvre et al. 2002).
Larger pelagic fish such as Pacific mackerel Scomber
japonicus and jack mackerel Trachurus symmetricus,
which feed on both plankton and small planktivorous
fishes, also contain DA off Mexico and Southern Cali-
fornia, respectively (Sierra-Beltran et al. 1998, Busse et
al. 2006). Likewise, DA has been documented in the
viscera of several benthic-feeding flatfish species
found offshore in the Central California area (Vigilant
& Silver 2007).

DA contamination of fish can occur through different
pathways; hence the presence of DA in fish may or
may not be in phase with the local presence of toxic
Pseudo-nitzschia in seawater. For example, planktivo-
rous fish acquire DA by feeding directly on toxic
Pseudo-nitzschia, but typically only when its density
exceeds ~1000 cells l–1 (Lefebvre et al. 2002a). In con-
trast, benthic-feeding flatfish are likely to acquire DA

by feeding on infaunal and/or epifaunal organisms and
on DA-contaminated sediment (Vigilant & Silver 2007).
Because different sources of DA have been identified
for different fish species, a range of DA levels may be
encountered in fish collected at the same time. Identi-
fying an association between DA in seawater and in
fish is important for predicting the occurrence of DA in
fish. It is equally important to evaluate whether mus-
sels used in California’s Marine Biotoxin Monitoring
Program can be used to predict the occurrence of DA
in fish.

DA distribution and degradation in the fish body is
also poorly understood, mostly because initial studies
(Lefebvre et al. 1999, Scholin et al. 2000) were focused
on DA exposure of marine animals such as California
sea lions, which consume whole fish. In contrast,
anglers, depending on their cultural background and
other factors, may prepare and consume fish in differ-
ent ways, including eating different body parts and
storing their catch for different lengths of time. Thus,
understanding angler consumption patterns as well as
DA distribution in the fish body and DA degradation
during storage are of paramount importance in order
to evaluate exposure of anglers.

The goals of the present study were to (1) determine
which fish species and body parts are consumed by
anglers, and how anglers store their catch; (2) measure
DA in fish commonly caught by anglers and compare
DA levels among fish species with different diets to
identify those that pose the greatest threat to anglers;
(3) measure and compare DA levels in fish viscera and
muscle tissue under different storage conditions to
determine if DA diffusion and degradation occur dur-
ing storage; and (4) assess possible relationships be-
tween DA in fish viscera and in seawater collected
nearshore and offshore, as well as DA in CDPH mus-
sels to verify whether the presence of DA in fish can be
predicted by the occurrence of DA in seawater and in
mussels.

We focused the present study on the Santa Cruz
Wharf (SCW) in Monterey Bay, California, because
it supports a sizeable recreational fishery (W. Van
Buskirk pers. comm.) and is easily accessed by anglers.
Additionally, the SCW is a site where CDPH mussels
are harvested and toxic blooms of Pseudo-nitzschia are
frequent.

MATERIALS AND METHODS

Angler survey. We conducted an intercept survey of
SCW anglers to determine whether they were at risk of
exposure to DA toxins as a result of their consumption
of SCW-caught fish. The survey was modeled after the
Santa Monica Bay and San Francisco Bay seafood con-
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sumption studies (SCCWRP & MBC 1994, SFEI 2000)
and informed by similar studies done elsewhere in the
USA (e.g. the Great Lakes: West 1992; New York: Con-
nelly et al. 1996). An intercept survey, a type of face-
to-face interview, is the most effective survey method
for this context because it affords more complete cov-
erage of anglers, including those who lack a telephone
or permanent address, or do not speak or read English
(US EPA 1998). In addition, no fishing license is re-
quired to fish from manmade structures in California,
thus intercept surveys are the only way to reliably
identify and sample the population. In addition, this
facilitates the collection of more accurate and reliable
data because it allows the researcher to: (1) clarify
questions and responses, and (2) make on-site obser-
vations that contribute to more accurate and consistent
identification of anglers’ catch (US EPA 1998).

The survey consisted of 3 components: (1) an initial
census at the SCW to determine spatial and temporal
patterns of angler use; (2) an initial contact with poten-
tial interviewees to determine willingness to partici-
pate, and to prevent duplicate interviews; and (3) a
survey questionnaire, administered as an in-person
interview. The survey sought to determine the propor-
tion of anglers that consume their catch and their con-
sumption patterns. Thus, the questionnaire included
questions on species and parts consumed (i.e. muscle
tissue, viscera) and catch storage and use. A fish iden-
tification booklet was developed and used to increase
the accuracy of species identification by anglers. As
used here, the term viscera refers to all organs associ-
ated with the digestive tract, whereas the term muscle
tissue includes the edible meat, and excludes blood,
skin, head, tail, gonads and viscera.

The survey protocol and questionnaire were pre-
tested and revised before being applied in the field for
a 12 mo period beginning in May 2007. The survey was
conducted by a team of 2 interviewers per shift, from a
total of 23 interviewers selected and trained to conduct
the survey. Survey shifts lasted 2 to 2.5 h and occurred
twice per day on 1 weekday and 1 weekend day per
week. Survey data were processed and analyzed using
PASW Statistics 17.0 to quantify anglers who reported
consuming their catch, and of those, the number of
consumers by species, the parts consumed and storage
method by species.

Sample collection. In parallel with the angler sur-
vey, fish, seawater and mussel samples were collected
at the SCW weekly from January 2007 through Octo-
ber 2008 and in May 2009. Fish, seawater and mussel
samples were not necessarily collected on the same
day, but seawater and mussel samples used for com-
parisons were collected within 7 d of the fish capture
date. Bagged mussels Mytilus californianus deployed
from the SCW were collected and processed as

described in Jester et al. (2009). Seawater samples
were collected with a surface bucket at the SCW
(36.57° N, 122.01°W). Additional surface samples were
collected at M1, an offshore mooring located in the
center of Monterey Bay over 1000 m deep water
(36.74° N, 122.02° W), because some of the fish species
range more widely in the Bay outside the wharf region
(Fig. 1). For determination of particulate DA in the sea-
water, 500 ml were filtered through Whatman GF/F
filters using a low vacuum pump system. The filters
were subsequently stored at –20°C for 2 mo before
analysis.

Fish were collected using hook-and-line gear from
the SCW (total of 352 h of fishing effort). Twelve volun-
teers were trained to use angler fishing techniques.
Fish caught were placed immediately in a cooler with
ice. Total length, weight and species were recorded
and the fish were dissected at the wharf approximately
within the next 5 h to prevent possible diffusion of DA
from the viscera into the muscle tissue. All dissected
fish and viscera were stored at –20°C for 1 wk or for a
maximum period of 2 mo prior to stomach content
analyses and toxin extraction, with the exception of
jacksmelt muscle tissue samples, which were stored
between 6 and 12 mo.

In addition to the anchovies and sardines caught at
the SCW, these were also acquired in March and April
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Fig. 1. Monterey Bay, California, showing sampling sites:
Santa Cruz Wharf (SCW), offshore mooring (M1) and Moss
Landing Harbor, where vessel-caught fish were obtained
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2008 (anchovies) and in July and August 2008 (sar-
dines) from commercial fishing boats based at Moss
Landing Harbor (Fig. 1). These fish were caught at var-
ious locations in Monterey Bay; the exact location of
the catch is proprietary information of the catch ves-
sels. The fish were kept in ice on the vessel for ap-
proximately 5 h until they were retrieved by scientists.
Once retrieved, fish were treated as wharf-caught fish
described above, except that they were dissected in
the laboratory within the next 2 h (i.e. total of approxi-
mately 7 h before dissection). These additional 2 h are
unimportant for diffusion of DA in the fish since the
specimens were kept in ice continually, minimizing
diffusion rates.

Fish feeding habits. Fish feeding habits were deter-
mined by examining the stomach contents of each fish
species. Observations were made on both a dissecting
microscope (Olympus SZH Stereozoom) and a Zeiss
Axiovert compound light microscope. Prey items were
identified to the highest level of classification possible.
After stomach content observations were completed,
toxin extraction followed.

DA in mussels. Mussel DA data were extracted from
the monthly CDPH Marine Biotoxin reports (www.
cdph.ca.gov/healthinfo/environhealth/water/Pages/
Shellfish.aspx). CDPH measured DA using HPLC and
used a reporting limit of detection (LOD) of 2.5 µg DA
g–1 mussel tissue (G. Langlois pers. comm.).

DA in fish. DA was measured in fish viscera using 2
methods: HPLC and Rapid ELISA (Mercury Science).
Both methods are comparable, but ELISA is a more
desirable method due to its lower LOD and faster,
more cost-effective procedure (Litaker et al. 2008). DA
was measured with ELISA in the following fish sam-
ples: (1) all muscle tissue samples, except for anchovy
collected in 2007, when DA in muscle tissue was mea-
sured using HPLC; (2) viscera of 6 sardine specimens
examined in the DA degradation and diffusion experi-
ment; and (3) fish collected in May 2009. The HPLC
method was used to measure DA in all other fish vis-
cera samples.

For both methods, fish viscera samples were pre-
pared as 4 g of pooled composite from multiple fish
specimens, unless the individual fish viscera weighed
>4 g, in which case the viscera from a single specimen
were analyzed. Samples were homogenized with a
hand-held tissue homogenizer (Tissue Miser, model
PNF2110, Fisher Scientific), and after 16 ml of 50:50
MeOH:Nanopure water was added, samples were
sonicated with a Sonifier cell disruptor (Model W185D,
Branson Sonic Power) and centrifuged for 20 min at
3800 rpm (1698 × g). The supernatants were then
filtered through a 3 µm polycarbonate filter.

For HPLC analyses, the filtrate was cleaned for inter-
fering compounds using solid phase extraction (SPE)

columns (J. T. Baker) (Hatfield et al. 1994, Quilliam
et al. 1995). DA recovery from SPE columns (lot no.
E03553) was determined by spike and recovery experi-
ments using 90% pure DA reagent (Sigma) and 10%
methanol (Fisher Scientific). Results indicated that an
average of 97% of DA was recovered (SD = 3.3%, N =
3). An average of 84% (SD = 7.4%, N = 4) of DA recov-
ery from SPE columns was calculated for fish viscera
(anchovy and flatfish) based on previous studies that
followed the same extraction procedures in our labora-
tory (Lefebvre et al. 1999, 2001, 2002a, Vigilant & Silver
2007). DA values reported here are uncorrected for
possible loss during extraction and clean up. DA ana-
lyses were conducted using an isocratic gradient profile
on a Hewlett-Packard 1050 HPLC according to Vigilant
& Silver (2007). The DA LOD was 0.2 µg ml–1 (ppm).

For ELISA analyses, the filtrate was diluted at 1:100
and 1:1000 in the buffer solution provided in the ELISA
kit. The diluted samples were used in the ELISA plates
following the protocol accompanying the kit. An EMax
Precision Microplate Reader (Model E10968, Mole-
cular Devices) was used to measure absorbance at
450 nm. The ELISA detection limit was 0.1 µg l–1 (ppb).

DA in seawater. Particulate DA in phytoplankton
seawater samples was measured when toxic Pseudo-
nitzschia cell density exceeded 1000 cells l–1, except
during summer 2008 (>100 cells l–1; cell density data
not reported here). Particulate DA was measured with
HPLC in all samples collected between January 2007
and October 2008 and ELISA was used for samples col-
lected in May 2009; 10% MeOH was used to extract
DA from Whatman GF/F filters. For HPLC analyses,
particulate DA was analyzed by the 9 fluorenyl-
methoxycarboxyl (FMOC) procedure (Pocklington et
al. 1990) and equipment was used as described by
Vigilant & Silver (2007). The DA LOD for phytoplank-
ton samples was 0.06 ng ml–1. For ELISA analyses, sea-
water sample filtrates were prepared as for fish sample
filtrate described above.

DA degradation and diffusion in the fish body. Ves-
sel-caught Pacific sardine specimens were used for DA
degradation and diffusion experiments in fish. To ver-
ify whether DA can diffuse from the viscera into the
muscle tissue and whether DA degraded during the
11 mo storage period, these specimens were stored in 2
ways: (1) dissected approximately 7 h after capture and
stored at –20°C ≤ 2 mo prior to DA analyses (N = 22), or
(2) frozen whole and dissected and analyzed for DA
11 mo after capture (N = 5). DA levels in viscera and
muscle tissue of specimens dissected 7 h upon capture
and stored for ≤ 2 mo were compared to DA levels in
viscera and muscle tissue of the sardine stored whole
for 11 mo. We measured DA in the muscle tissue of the
same specimen for which we also obtained DA esti-
mates in the viscera.
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Statistical analyses. Systat 10.0 was used for all sta-
tistical comparisons. Chi-squared and Fisher’s exact
tests were used to test whether the presence of DA in
the fish viscera was associated with the presence of DA
in seawater samples (nearshore and offshore) and in
mussels collected within 7 d of fish capture. ANOVA
was used to determine whether DA levels varied sig-
nificantly among the 3 fish feeding groups (i.e. pelagic
planktivores, pelagic omnivores and benthic feeders).
Tukey’s pairwise comparisons were subsequently used
to determine which pairs of fish feeding groups had
mean DA levels that significantly differed from each
other. Linear regression was used to evaluate whether
DA in muscle tissue of Pacific sardines was correlated
with DA levels in their viscera. Finally, ANOVA tested
whether DA in muscle tissue and viscera of sardines
varied significantly between dissected sardine stored
at –20°C for 2 mo and intact sardines stored for
11 mo. DA levels in muscle and viscera were log(x+1)-
transformed for linear regression and for ANOVA to
comply with linearity and normality assumptions of
the respective tests.

RESULTS

Angler consumption patterns

A total of 746 anglers were surveyed at the SCW
over a 1 yr period; 565 reported fishing previously at
the SCW. Of those, 58% reported consuming their
catch and 56% (318 anglers) reported consuming one
or more of the species tested for DA content (Fig. 2).
All consumers reported eating the muscle tissue. A
small percentage (between 1.4 and 7.9%) reported
not removing the viscera before preparing their catch
for consumption, which is important since DA may
diffuse throughout the fish body depending on fish
preparation method. These fish included the 2 most
consumed species (i.e. jacksmelt and Pacific mack-
erel) and also the species with the highest DA levels
detected during the present study (i.e. anchovy and
sardine) (Fig. 3). In response to a separate question,
some of these individuals also reported eating the vis-
cera (Fig. 3).

Of those anglers who consume their catch, 55%
reported using their catch the same day that the fish
was caught and 45% reported freezing their catch for
later consumption. Anglers reported freezing their
catch whole or partitioned (i.e. viscera removed prior
to freezing). Among the species most consumed (i.e.
jacksmelt and Pacific mackerel) and the species that
contained the highest DA levels (i.e. anchovies and
sardines), only 1.03% of jacksmelt consumers and
0.65% of Pacific mackerel consumers reported freez-

ing their catch whole (for an unknown period of time)
and partitioning it at the time of consumption. All
consumers of sardine and anchovy reported removing
the viscera before freezing their catch for later con-
sumption.

DA in fish with different feeding habits

For the toxin study, 11 species were caught. These
finfish species were assigned to the following cate-
gories according to their feeding habits, based on
examination of stomach contents: (1) pelagic plankti-
vores, (2) pelagic omnivores and (3) benthic feeders
(Table 1). All species caught were shown to have
detectable DA levels at least once, except for barred
surfperch, shiner surfperch, spotfin surfperch and
white croaker, which did not contain measurable DA
levels (Table 2).
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Fig. 2. Most commonly consumed fish species caught by 
Santa Cruz Wharf (SCW) anglers (N = 318)
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DA in fish viscera and seawater

DA in vessel-caught pelagic planktivores (northern
anchovy and Pacific sardine) was significantly associ-
ated with DA measured in seawater samples collected
offshore at M1 or nearshore at the SCW within 7 d of
fish capture (χ2

1,71 = 71, p < 0.01; Figs. 4A, B & 5A–C).
We were unable to test if the presence of DA in wharf-
caught pelagic planktivores (anchovy) was signifi-
cantly associated with the presence or absence of DA
at M1 or SCW due to the small number of times that
planktivores were caught at the wharf.

DA in pelagic omnivores (jacksmelt and Pacific
mackerel) was significantly associated with particulate
DA measured in seawater samples collected at the
SCW (χ2

1,39 = 20.14, p < 0.01), but not associated with
DA measured offshore at M1 (χ2

1,14 = 6.46, p = 0.142)
within 7 d of fish capture (Figs. 4A,B & 5A,D). Addi-
tionally, DA in viscera of benthic feeders (rainbow surf-
perch, speckled sanddab and staghorn sculpin) was
significantly associated with DA levels measured in
seawater at the SCW (χ2

1,31 = 5.16, p = 0.04) and at
M1 (χ2

1,22 = 7.60, p = 0.02) within 7 d of fish capture
(Figs. 4A,B & 5A,D). Although some of these associations
were statistically significant, DA was also detected in
pelagic omnivores and benthic feeders when no DA

was detected in surface waters (i.e. false negatives).
The opposite association (i.e. false positives: where DA
was detected in surface waters, but not detected such
fish feeding groups) was also observed (Fig. 4A,B).

In addition, ANOVA results showed that mean DA
levels in the viscera of fish caught when DA was
detected in the seawater significantly differed among
fish feeding groups (F2,71 = 122.44, p < 0.01; Fig. 6).
Pairwise comparison analysis further verified that DA
levels in pelagic planktivores significantly differed
from DA levels in pelagic omnivores (p < 0.01) and
benthic feeders (p < 0.01), but the latter 2 groups did
not significantly differ from each other (p = 0.71).
Indeed, pelagic planktivores were the only group that
had mean DA levels in viscera >20 µg g–1.

DA in mussels and fish

DA was never detected in mussels collected within
7 d of capture of vessel- or wharf-caught DA-containing
planktivorous fish (Fig. 4C). In fact, DA levels above
the safety limit occurred in viscera of planktivores prior
to the detection or non-detection (i.e. false negatives)
of DA in mussels in April 2007 and in August 2008,
respectively (Figs. 4C & 5C–E). Results of the χ2 test
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Table 1. Feeding habit groups for fish species caught (grouped by feeding habit), number of specimens analyzed for stomach 
contents and typical food items observed in viscera

Species N Food items observed

Pelagic planktivores
Northern anchovy Engraulis mordax 24 Centric and pennate diatoms (including fragments of Pseudo-nitzschia

spp.), dinoflagellates, silicoflagellates, tintinnids
Pacific sardine Sardinops sagax 8 Centric and pennate diatoms (including fragments of Pseudo-nitzschia

spp.)

Pelagic onmivores
Jacksmelt Atherinopsis californiensis 21 Crustaceans (barnacles, amphipods/isopods, mysids), centric diatoms, 

fish bones, macroalgae, parasitic worms a, sediment
Pacific mackerel Scomber japonicus 5 Crustaceans, macroalgae, parasitic wormsa

Benthic feeders
Barred surfperch Amphistichus argenteus 3 Clam/mussel shells, crustaceans, parasitic wormsa, sediment
Rainbow surfperch Hypsurus caryi 1 Clam/mussel shells, crustaceans, sediment
Shiner surfperchb 9 Clam/mussel shells, crustaceans (amphipods/isopods, mysids), copepods,

foraminifera, Cymatogaster aggregata macroalgae, parasitic wormsa, 
sediment

Speckled sanddabb Citharichthys stigmaeus 16 Clam/mussel shells, crustaceans (mysids), macroalgae, polychaetes, 
sediment

Spotfin surfperchb Hyperprosopon anale 1 Crustaceans
Staghorn sculpinb Leptocottus armatus 55 Crustaceans (isopods/amphipods, mysids), macroalgae, parasitic wormsa, 

sediment
White croakerb Genyonemus lineatus 15 Clam/mussel shells, crustaceans (isopods/ amphipods, mysids), centric 

diatoms, fish bones, macroalgae, parasitic wormsa, polychaetes, 
sediment

aParasitic worms were nematodes or flatworms, and could be part of the fish diet or parasites on the fish specimens
bSpecies reported to prey on benthic as well as planktonic organisms (Cailliet et al. 2000)
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indicated that the presence of DA in mus-
sels collected within 7 d of fish capture was
not significantly associated with the pres-
ence of DA in the viscera of benthic feed-
ing fish (χ2

1,33 = 4.73, p = 0.187). Moreover,
DA was detected in benthic feeders when
DA was not detected in mussels (i.e. false
negatives) in 16% of the correlated sam-
ples (Fig. 4C). However, the detection of
DA in mussels was significantly associated
to DA in the viscera of pelagic omnivores
(χ2

1,48 = 19.2, p < 0.05), even though DA
was detected in the viscera of pelagic omni-
vores when no DA was detected in mussels
(i.e. false negatives) (Figs. 4C & 5D,E).

DA in fish body parts

DA was detected in 31% of the muscle
tissue samples from wharf-caught anchovy
and 72% of the muscle tissue samples from
vessel-caught sardines that were dissected
within 7 h of capture, but DA was never
detected in jacksmelt muscle tissue (N = 7).
Mean DA levels in anchovy and sardine
muscle tissue were 1.7 µg g–1 (N = 9, SD =
4.0) and 0.5 µg g–1 (N = 22, SD = 0.6),
respectively. In addition, linear regression
results indicate that DA levels measured in
the viscera and muscle tissue of the same
individual sardine specimens were not
significantly related (F1,16 = 2.90, r2 = 0.15,
p = 0.107).

DA degradation and diffusion within fish

ANOVA results showed that the log of
DA concentration in sardine viscera was
significantly lower after storage of whole
sardines for 11 mo than DA levels in viscera
of sardines that were dissected 5 h upon
capture (Table 3). We did not observe a sig-
nificant change between the log of DA con-
centration in muscle tissue of sardines that
were kept frozen whole for 11 mo after the
capture date and the log of DA concentra-
tion in muscle tissue of sardines that were
dissected 7 h after capture. In addition,
total (i.e. viscera and muscle tissue) DA
concentration in sardines was significantly
lower after storage for 11 mo at –20°C than
total DA levels in sardines dissected 7 h
after capture.
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Table 2. Domoic acid (DA) levels (µg g–1) in viscera samples of 11 fish
species. n: number of samples with detectable levels of DA; N: total number 

of samples analyzed. –: not detected

Species Range Mean Median SD n N

Pelagic planktivores
Northern anchovy 9–148 71 54 67 5 18
Pacific sardine 15–110 37 36 15 51 51

Pelagic omnivores
Jacksmelt 2.5–27 7.3 4.5 7.8 9 39
Pacific mackerela 1.5–2.3 1.9 1.9 0.3 7 9

Benthic feeders
Barred surfperch – – – – 0 4
Rainbow surfpercha – 1.5 – – 1 1
Shiner surfperch – – – – 0 2
Speckled sanddab 2.9–4.5 3.7 3.7 1.1 2 9
Spotfin surfperch – – – – 0 1
Staghorn sculpina 0.25–0.4 0.3 0.3 0.1 3 21
White croaker – – – – 0 5
aDA analyzed by ELISA
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Vessel-caught planktivores
Omnivores (p < 0.01)
Benthic-feeders (p = 0.187)

Mussels and fish viscera

Vessel-caught planktivores (p < 0.01)
Omnivores (p < 0.142)
Benthic-feeders (p = 0.02)

Offshore (M1) and in fish viscera
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Fig. 4. Percent frequency of different associations between domoic acid
(DA) detection and (A) nearshore waters (Santa Cruz Wharf [SCW]), (B) off-
shore waters (M1) and (C) SCW mussels and fish viscera. True positives: DA
detected in water/mussel and fish; false positives: DA detected in
water/mussel, but not in fish; false negatives: DA not detected in
water/mussel, but detected in fish; true negatives: DA not detected in
water/mussels and fish. Fisher’s exact test p-values indicate whether DA
detection in fish was significantly associated with DA in mussels in near-

shore and offshore waters
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DISCUSSION

The goal of the present study was to determine
whether or not anglers were exposed to DA through
the consumption of their catch, since fish are DA vec-
tors to their aquatic predators. An additional goal was
to determine whether the presence of DA in local sea-
water or in mussels was predictive of DA in recreation-
ally caught fish at the SCW. We have shown that
dietary exposure of SCW anglers to DA is dependent
on the fish species and body parts consumed, catch
storage methods and the presence of DA in the seawa-
ter.

The variability of DA levels among
fish species appeared to be related to
their different feeding habits. Accord-
ingly, DA levels in viscera of pelagic
planktivores, which can directly feed
on the DA-producing Pseudo-nitzschia,
were significantly higher than DA lev-
els in viscera of pelagic omnivores and
benthic feeders collected at times when
DA was detected in seawater. Addition-
ally, planktivores were the only group
whose mean viscera DA levels
exceeded the safety limit of 20 µg
DA g–1 set by the US Food and Drug
Administration.

DA distribution in fish viscera and
muscle tissue was uneven. DA levels in
muscle tissue were up to 2 orders of
magnitude lower than in the viscera
of anchovy and sardine, and were un-
detectable in jacksmelt muscle tissue.
We further showed that DA in muscle
tissue of sardines was not significantly
correlated with DA levels in their vis-
cera. The low DA levels in muscle tis-
sue may be the residual DA after the
‘first pass’ renal and biliary excretion
(Lefebvre et al. 2007). Accordingly, low
or zero absorption of DA from the gas-
trointestinal tract has been documented
in planktivorous fishes, mice and mon-
keys (Inverson et al 1989, Truelove et al
1996, Lefebvre et al 2001).

Catch storage methods may alter the
amount of toxin to which anglers are
exposed since total DA levels in fish
and in fish viscera declined signifi-
cantly with storage time (Table 3).
However, muscle tissue DA levels did
not significantly change after storage
even though mean DA levels in muscle
tissue of sardines were higher after

storage. These results suggest that some of the DA dif-
fused from the viscera into the muscle, but that the de-
gradation rate is faster than the diffusion rate. DA
degradation due to storage has also been documented
in particulate DA samples of phytoplankton stored in
GF/F filters for >2 mo at +4 and –20°C (Lane & Kudela
2007) and in aqueous solutions stored at –12°C (Quil-
liam 2003). We present the first data related to mea-
surements of DA diffusion and degradation in fish over
a time scale of months.

The presence of DA in local waters (nearshore and
offshore) was significantly associated with the pres-
ence of DA in the viscera of all 3 fish groups. The only
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Fig. 5. Domoic acid (DA) levels in (A) seawater at the Santa Cruz Wharf (SCW),
(B) seawater at M1, (C) viscera of vessel-caught fish, (D) viscera of wharf-caught
fish and (E) SCW mussels. Dashed line indicates HPLC limit of detection (LOD).
Filled symbols in (D) show samples where ELISA was used and the step change
in LOD. A DA constant, a value below the detection limit, was added to allow 

display of values in log format
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non-significant association was observed between DA
in pelagic omnivores and DA measured in offshore
waters. This result was probably due to the small sam-
ple size. The significant associations indicate that fish
with different dietary habits and caught within 7 d of
the DA detection in local surface waters are likely to
contain detectable DA.

Moreover, sediment and benthic invertebrate prey
may represent an additional source of DA contamina-
tion for pelagic omnivores and benthic feeders when
DA is not detected in the water. False negatives
(Fig. 4A,B) were likely observed for these fish groups
since they can feed on benthic invertebrates or sedi-
ment. Sediments are effective adsorbents of DA and
can act as DA reservoirs after a toxic Pseudo-nitzschia
bloom has subsided (Burns & Ferry 2007). Sediment
was found in the viscera of all pelagic omnivores and
benthic feeders analyzed in the present study, except
for Pacific mackerel (Table 1). Additionally, DA has
been detected in innkeeper worms Urechis sp., rock
crabs, acorn barnacles Balanus glandula and B. nubu-
lis, and sea anemones Aiptasia sp. collected when no
toxic Pseudo-nitzschia or DA were detected in the
seawater column, implying that some invertebrates are

able to retain DA after the toxic event, or that they
access DA-contaminated sediment or organisms after a
water column event has ended (Cheung 2007, Garcia
et al. 2007, Vigilant 2007, Kvitek et al. 2008). In addi-
tion, pelagic omnivores and benthic feeders were
sometimes found not to be contaminated with DA
when DA was detected in the water (i.e. false positives,
Fig. 4A,B), which may further indicate that species
within these groups feed on prey that may or may not
be contaminated with DA at the time of feeding.

California mussels did not reliably predict the pres-
ence of DA in fish. Three factors may explain the lack
of a significant association between DA in the viscera
of fish and in mussels, and why DA was sometimes
detected in omnivorous fish, but not in mussels. (1)
Mussels have faster depuration rates (50 to 87% d–1)
and may reflect the immediate presence of DA in
water, whereas fish can retain DA for longer periods
(with depuration rates of 30% d–1) (Novaczek et al.
1992, Lefebvre et al. 2007, Krogstad et al. 2009). (2)
Mussels and fish feed differently: mussels are sessile
benthic organisms that filter the toxic cells out of the
seawater at a single location, whereas the fish species
analyzed in the present study are highly mobile and
may acquire DA through routes other than filter feed-
ing. (3) DA is more readily detected in fish viscera (as it
represents source material that leads to contamina-
tion), and if comparisons were done using DA levels in
whole fish bodies instead of fish viscera, we would
have not detected DA in fish that had low viscera DA
levels (i.e. pelagic omnivorous and benthic feeding
fish) at times when DA was not detected in mussels.

DA exposure levels calculated for anglers were
equivalent to asymptomatic doses (i.e. DA levels are
measurable in fish, but below the dose that results in
recognizable acute effects attributed to ASP; Table 4).
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Table 3. Sardinops sagax. Mean (±SD) domoic acid (DA) lev-
els (µg g–1) in whole and parts of fresh-caught (7 h after catch,
N = 22) versus frozen (11 mo after catch, N = 5) sardines

Sample Fresh Frozen F1, 26 p

Viscera 38 ± 9.0 12 ± 4.6 129.140 <0.01
Muscle tissue 0.5 ± 0.6 1.2 ± 1.0 1.52 <0.22
Whole sardine 4.6 ± 1.3 2.4 ± 0.6 19.83 <0.01

Table 4. Domoic acid (DA) dose intake by Santa Cruz Wharf
anglers and percentage of lowest adverse effects level
(LOAEL) dose of 1 mg kg–1 body weight that causes amnesic
shellfish poisoning (ASP) (Toyofuku 2006). Dose calculations
based on a 50 g d–1 fish meal (standard amount of fish 

consumed by California anglers; OEHHA 2001)

Part consumed Max. DA DA dose Percent
Species concentration (mg 50 g–1 of of

(µg g–1) fish meal–1) LOAEL

Whole fish
Northern anchovy 28.3 1.43 2.4
Pacific sardine 12.8 0.64 1.1
Jacksmelt 2.3 0.11 0.2
Pacific mackerel 0.2 0.01 0.02

Muscle tissue
Northern anchovy 10.8 0.54 0.9
Pacific sardine 1.8 0.09 0.2
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The highest DA dose that anglers would likely ingest
would result from consuming freshly caught whole an-
chovies or sardines, assuming they consumed 50 g of
fish (the standard amount of fish ingested by California
anglers; OEHHA 2001). Such a dose corresponds to 2.4
and 1.1%, for consumption of anchovies and sardines,
respectively, of the DA dose (1 mg kg–1) that can induce
the lowest adverse effects of ASP in adults of 60 kg
(Toyofuku 2006). Anglers who consume only the mus-
cle tissue of anchovy or sardine (i.e. those who remove
the viscera before eating the fish) and whole jacksmelt
would be exposed to even lower DA doses, with even
lower levels ingested by consumers of Pacific mackerel.

It is unknown if the ingestion of asymptomatic DA
doses can harm humans over the long term. Low DA
levels (0.002 to 0.11 µg g–1) detected in the urine of
California sea lions have been associated with a novel
neurological syndrome characterized by epilepsy (Gold-
stein et al. 2008). More recently, Lefebvre et al. (2009)
showed that DA doses below those that cause observ-
able signs of behavioral injury in zebrafish can down-
regulate several genes involved in important biochem-
ical processes, suggesting potential neurological risk
associated with asymptomatic DA exposures. In con-
trast, experiments with rats have demonstrated that low
DA doses can precondition the brain and induce toler-
ance against higher DA doses in young, but not aged,
rats (Kerr et al. 2002, Hesp et al. 2004). In humans, the
most susceptible individuals to low DA doses may in-
clude pregnant and nursing women, since experiments
with rats showed that (1) low DA doses may be trans-
ferred through milk and placenta, and accumulated in
the amniotic fluid of pregnant rats and the brain of pre-
natal rats (Maucher & Ramsdell 2005, 2007); and (2) DA
can reach the brain without restriction, causing neuro-
logical and behavior effects later in the life for prenatal
rats (Dakshinamurti et al. 1993, Levin et al. 2005,
Maucher & Ramsdell 2007). In humans, the elderly
(>65 yr) are most susceptible, since DA is cleared from
the plasma through the kidneys (Suzuki & Hierlihy
1993), and old individuals are thought to have reduced
ability to eliminate DA through the renal system (Xi et
al. 1997, Pulido 2008). Additionally, higher DA levels of
275, 588 and 1815 µg g–1 have been detected in viscera
of jacksmelt, sardine and anchovy caught at other times
in Monterey Bay (Lefebvre et al. 2002a,b). Thus, SCW
anglers could be exposed to even higher DA doses than
those reported here.

CONCLUSIONS

The present study showed that SCW anglers can be
exposed to asymptomatic DA doses through consump-
tion of their catch. DA levels of exposure are depen-

dent on the fish species and parts consumed, as well as
on storage methods and the presence of particulate DA
in the water at the time the fish is caught. In addition,
we determined that California mussels do not ade-
quately predict DA levels in fish. To minimize DA
exposure, anglers should eviscerate (clean) their fish
before consumption, since the highest DA levels were
found in the viscera of freshly captured fish. Further-
more, DA is heat-stable and may not be completely
eliminated from fish tissue when cooked (McCarron &
Hess 2006). For pelagic planktivores, where DA levels
were found in both viscera and muscle tissue, the
removal of the viscera may not be sufficient to elimi-
nate exposure to DA. Thus, consumption of muscle
tissue of planktivorous fish caught during toxic blooms
may result in low-level DA exposure; the consequences
of such asymptomatic doses are worrisome, given
recent evidence from studies with other mammals.
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