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ABSTRACT In October 1998, record levels of the neurotoxin domoic acid (DA) were detected in razor clams (Siliqua patula, Dixon)
resulting in the closure of shellfish harvesting areas along the Washington coast. This toxin was detected in seawater samples collected
at Kalaloch Beach and Second Beach on the central Washington coast using a receptor binding assay and liquid chromatography-
tandem mass spectroscopy. Domoic acid levels ranging from 0-2700 ng/l. were mcasured in seawater samples containing from
70-100% Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle at concentrations of 1.0-15 x 10° cells/L, resulting in maximum levels
of cellular toxin of approximately 500 fg/cell. A cultured isolate of this species collected from Kalaloch Beach also produced DA, as
determined by the receptor binding assay, during late exponential and stationary stages of growth. The toxic P. pseudodelicatissima
bloom in the late summer and autumn of 1998 occurred 2-3 weeks after strong coastal upwelling during a period of anomalously low
rainfall, typical in post-El Nifio years. Higher toxin levels in scawater at Kalaloch Beach compared to Second Beach were attributed
to the periodic nature of upwelling at Kalaloch Beach, demonstrated by a 175-fold increase in nitrate in seawater coincident with a 5
°C decrease in sea surface temperature on September 1. The upwelling cvent in September was followed by wind relaxation and
reversal at the end of that month, resuiting in the transport of toxic cells toward the coast where nutrients were already present to fuel
the algal bloom. A pulse of nutrients, either from rainfall or upwelling, to coastal regions that have experienced several weeks of low
nutrients, followed by wind relaxation or reversal events that transport cells to inshore regions, are suggested to be important factors

in the initiation of the most toxic Pseudo-nitzschia species blooms on the Washington coast.
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INTRODUCTION

The first domoic acid (DA) poisoning of humans was reported
in 1987 in eastern Canada (Todd 1993). A series of collaborative
studies demonstrated that the toxin was concentrated in mussels
that had fed on a bloom of Pseudo-nitzschia multiseries, the first
pennate diatom from which DA was isolated (Bates et al. 1989). In
1991, DA was implicated in the illness and death of brown peli-
cans (Pelecanus occidentalis) and Brandt’s cormorants (Phalac-
rocorax penicillatus) in Monterey Bay, California (Work et al.
1993). Using laboratory isolates, Garrison et al. (1992) determined
that P. australis was the DA-producing diatom rcsponsible for the
mortalities. Unlike the outbreak in eastern Canada, where mussels
were the toxin vector (Wright et al. 1989), anchovies became toxic
to seabirds aftcr fceding on the diatom, P. australis, in Monterey
Bay (Buck et al. 1992, Fritz et al. 1992), illustrating that DA has
at least two means of entering the higher food web, through filter-
feeding molluscan shelifish and suspension-feeding finfish.

The poisoning event in Monterey Bay resulted in the establish-
ment of a DA monitoring program in the states of Washington and
Oregon. In October 1991, about 1 month following the toxic
bloom event in California, levels of DA above the rcgulatory limit
of 20 pg/g shellfish tissue were found in the edible parts of razor
clams (Siligua patula) and Dungeness crabs (Cancer magister)
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collected on the Washington coast (Wekell et al. 1994). Conse-
quently, beaches were temporarily closed to recreational and com-
mercial shellfish harvesting (Horner and Postel 1993), resulting in
a substantial loss of revenue ($15-20 million) to local fishing
communities (Anderson 1995). The Pseudo-nitzschia species re-
sponsible for the DA poisoning event was not determined, because
there were no phytoplankton samples collected on the Washington
coast immediately before the measurement of toxin in razor clams
(Horner et al. 1993). Several species that had been determined to
be toxic in some, but not all, geographical regions (i.e., P. multi-
series, I. australis, P. pungens, and P. pseudodelicatissima) were
found in Washington coastal waters (Horner ct al. 1997). Among
those species, P. australis was thought to be responsible for the
presence of DA, because it was identified in samples collected off
Grays Harbor, Washington, several months after the initial event
(Horner and Postel 1993). Taylor and Horner (1994) suggested thart
the 1991 toxic bloom event off the Washington coast might have
been part of a widespread bloom of P. australis. It was estimated
that a bloom starting in California in September 1991 and carried
up the coast by currents at speeds of nearly 20—40 cm/sec could
have reached the Washington coast by late October to November
(Horner et al. 1997).

More recently, in May and June of 1998, the first confirmed
deaths of a marine mammal species attributable w0 DA poisoning
were documented in sea lions along the central California coast. In
this mortality event, sea lions fed on anchovies and sardines that

1007




1008

had ingested toxic P. australis cells (Gulland et al. 1999, Lefebvre
et al. 1999, Scholin et al. 2000). Because razor clam toxification on
the Washington and Oregon coasts in 1991 was preceded by the
death of seabirds in Monterey Bay earlier that summer. we sus-
pected that the poisoning of sea lions by DA in 1998 was an early
warning of impending toxicity on the Washington and Oregon
coasts.

Because concentrations of Pseudo-nitzschia spp. incrcase and
subside rapidly in Washington coastal waters (R. Horner. pers.
comm.), a more rigorous and frequent monitoring effort was
implemented by sampling at two beaches in order to investigate
the relationships among Pseudo-nitzschia spp. cells. DA levels in
seawater and shellfish, nutrients, and a variety of environmental
variables. This paper describes weekly sampling of the surf zone.
which cnables us to describe the chemical. biological. and physical
processes preceding and during the razor clam toxification cvent
that occurred in the late summer and early autumn of 1998,

METHODS

Sample Collection

Seawater was sampled on a weekly basis from the surf zone of
two accessible beaches on the Pacific coast of Washington State:
Second Beach. near La Push, and Kalaloch Beach. approximatety
65 km south of La Push (Fig. 1). Seawater sumples were collected
using a bucket and preserved for phytoplankton species identifi-
cation and enumeration, as well as DA. chlorophyll a. and nutrient
analyses as described below.

Nutrient and Chlorophyll a Analyses

Seawater was filtered through a 25-mm Whatman #1 filter and
collected in a 60-mL polyethylene bottle, frozen. and later ana-
lyzed for nutrient concentrations using standard autoanalyzer
mcthods (Whitledge et al. 1981). Aliguots (50 mL) of seawater
samples were filtered through Whatman GF/F filters for chloro-
phyll « detection. Filters were stored at =20 °C until analysis by
extraction with 10 mL 90% acetone overnight at 4 °C in the dark.
Extracts were analyzed using the standard fluorometric method
(Welschmeyer 1994) using a Turner Designs (TD-700) fluorom-
eter with narrow bandpass filters.
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Figure. 1. Sampling sites on the central Washington coast and loca-
tions of coastal environmental monitoring stations.
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DA Analysis in Phytoplankton

Cellular DA was measured by filtering 2 liters of seawater
through a 47-mm 0.45-pm (Millipore HA) filter. Depending on the
density of the material in the sample. up to three filters were used.
Filters were folded in half with forceps, wrapped in aluminum foil,
and frozen until analysis using the method described by Van Dolah
et al. (1997). A glutamate decarboxylase digestion step was used
before analysis to remove endogenous glutamate in all samplces.
Binding experiments were initiated by incubation of 100 uL of
cloned GluR6 membrane preparation (Taverna and Hampson
1994 with 50 pLL of a 5 nM solution of | *H| kainic acid and 50 uL
of standard or sample in a 13 x 10 mm glass test tube. Samples
were vortexed briefly. incubated at 4 °C for | h, poured over
Whatman GF/C filters (25-mm diameter). and rinsed twice with 5
mL of 50 mM Tris-citrate buffer (pH 7.4). Filters were placed in
scinttliation vials, soaked overnight in 10-mL scintillation fluid,
and radioactivity was measured using scintillation spectroscopy.
For quantification of DA in selected seawater samples. liquid chro-
matography-tandem mass spectroscopy (LC-MS/MS) was per-
formed according to standard protocols (Scholin et al. 2000).

Cell Counts

Phytoplankton cells were counted by first pouring 100 mL of
seawater into a graduated cylinder, then fixing with formaldehyde
to a final concentration of approximately 1 % and settling for
24-72 hours. Ninety mL of water were carefully drawn off with a
pipette and the settled material was resuspended. A 0.1 mL sub-
sample was loaded into a Palmer—Maloney shde. and a minimum
of 100 individual algal cells were counted at 100X magnification
using light microscopy. Phytoplankton cells were identitied to the
lowest possible taxon and to species when possible. The percent-
age contribution of the Pscudo-nitzschia species for the whole
phytoplankton assemblage, viewed at 100X, was calculated.

Scanning Electron Microscopy

In samples where Pseudo-nitzschia spp. were numerous, ali-
quots were prepared using a modified KMnO,/HC! oxidation
method (Mitler and Scholin 1998). Filter membranes with pro-
cessed samples were bonded to aluminum stubs, air-dried. coated
with gold-palladium. and examined with an AMRAY 1000 SEM.

Growth Study

Pscudo-nitzschia pseudodelicarissima. clone NWFSC-047. iso-
lated from a plankton sample collected at Kalaloch Beach, Wash-
ington on July 31, 1999, was grown in batch culture. The isolate
used in the growth study was not axenic, but sterile technique was
used throughout the experiment. Cells were maintained in /2 me-
dium (Guillard and Ryther 1962) made with filtered natural sea-
water. An inoculum of exponentially growing cells was used. Du-
plicate cultures (200 mL cachy were grown in 1-L borosilicate
culture ftlasks at 13 °C. lradiance was provided by a bank of
Cool-White tluorescent lamps (15 W), Cells were exposed to a
12:12 h light:dark cycle at a light intensity of 80 wE m™ 57", Every
3—4 days during the study. 20-mL aliquots from cach tlask were
tiltered onto Millipore HA. 0.45-pum, 25-mm diameter filters using
vacuum (< 15 psi). Filters were stored and analyzed for DA by
receptor binding assay as described above. and a 0.1-mL aliguot of
culture was collected tor celi enumeration.
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Environmental Data

Wind speed and direction were obtained from the National
Data Buoy Center’s weather station on Destruction Island. Wash-
ington (NDBC #DESW 1, 47.68 °N. 124.49 °W), which is about 7
km northwest of Kalaloch Beach. Rainfall data were obtained from
the Quillayute airport. near La Push. Washington and from the
Kalaloch Ranger Station in Kalaloch, Washington. Water tempera-
ture at beach sampling sites was measured with a thermometer. Sea
surface temperatures were obtained from the Cape Elizabeth buoy
(NDBC #46041) at 47.4 °N, 124.5 °W. The locations of coastat
monitoring stations are shown in Figure 1.

Domoic Acid Analysis in Shellfish

Razor clams were collected at Kalaloch Beach for DA analysis.
Concentrations of DA were determined utilizing a methanol/water
extraction and analysis by high-performance liquid chromatogra-
phy (HPLC) (Hatfield et al. 1994). Additional razor clam toxin
concentration data were obtained from samples collected by
Quileute Natural Resources staif and analyzed by the Washington
Department of Health (WDOH). Only the edible parts of the clams
were analyzed for DA (i.e.. viscera were not analyzed).

RESULTS

Pseudo-nitzschia Cell Numbers and Domoic Acid Levels

As Pseudo-nitzschia spp. cell counts increased. there was a
corresponding increase in the level of DA activity detected in
seawater at Kalaloch Beach (Fig. 2a). Both cell counts and DA
activity in seawater reached a maximum on September 22 at 17.1
x 10% 1otal Pseudo-nitzschia spp. cells/L and 2.700 ng DA/L sca-
water. A smaller peak of DA activity on August 25 also corre-
sponded with elevated Pseudo-nitzschia spp. celt counts. The high-
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Figure. 2. Weekly Psendo-nitzschia spp. cell counts and domoic acid in
seawater from July through October 1998, at Kalaloch Beach (A) and
Second Beach (B). Domoic acid levels in razor clams are shown for
Kalaloch Beach.
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est recorded level of DA detected in razor clams (295 pg/g) oc-
curred within 18 days after the maximum Pseudo-nitzschia spp-
cell number and level of seawater toxicity were measured.

At Sccond Beach (Fig. 2b), the highest number of Pseudo-
nitzschia spp. cells was about three times lower than that at Kala-
loch Beach. reaching a maximum of 5.9 x 10° celis/L on Septem-
ber 23; whereas. the level of DA activity detected in seawater
reached a maximum of 350 ng/L on October 6. There were also
smaller peaks in Pseudo-nitzschia spp. cell counts on August 12
and 26 associated with increased DA activity in seawater. An
increase in Pseudo-nitzschia spp. cells on September 9 did not
correspond to elevated DA in seawater; however, toxin levels in-
creased by September 13, corresponding to levels of 2.2 x 10° total
Pseudo-nirzschia cells/L. Razor clams were not collected from
Second Beach for measurement of DA.

Phytoplankton Assemblage Observations

Pseudo-nitzschia pseudodelicatissima (Fig. 3) was the only
known DA-producer present in significant numbers within the
phytoplankton assemblage (Table 1). Most of the other Pseuwdo-
nitzschia were P. cf. heimii (up to 90% of the total Psewdo-
nirzschia on August 25 at Kalaloch Beach) plus relatively small
amounts of P. pungens (less than 3% on dates when SEM was
done) and P. delicatissima (8% on September 1 at Kalaloch Beach.
the only sample in which this species was observed).

Table | shows Pseudo-nitzschia spp. as a percentage of the
whole phytoplankton assemblage and P. pseudodelicatissima as a
percentage of total Pseudo-nirzschia spp. at Kalaloch and Second
Beaches. At both sampling sites, Pseudo-nitzschia spp.. as a per-
cent of total phytoplankton species, increased until the end of

Figure. 3. Scanning electron micrographs of a field isolate of P.
pseudodelicatissima from Kalaloch Beach. (top) a whole valve. (bot-
tom): higher magnification showing 1| row of square poroids between
interstriae. Scale bars indicate size.
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TABLE 1.
Pseudo-nitzschia spp. abundance and domoic acid levels on the central Washington coast in 1998.
Kalaloch
Pseudo-nitzchia spp. Pseudo-nitzchia spp. Domoic Acid Doemoic Acid Domoic Acid P. pseudodelicatissimq
Date (10° celis/L) abundance' (ng/L) (fg/cell)? by LC-MS/MS abundance*
7 July 1.4 37 0
13 July 0.1 30 0
26 July 0.5 34 0 -
4 Aug 1.7 48 0
Il Aug 3.2 30 0
19 Aug 4.1 59 0 40
25 Aug 3.0 64 410
1 Sept 0.6 41 0 70
8 Sept 3.8 83 10 90
14 Scpt 20 93 330
18 Sept 10.6 97 1700 170 + 90
22 Sept 17.1 99 2700 180 + 90
29 Sept 7.8 99 1600 210 + 100
5 Oct 1.8 92 640 500 + 70
9 Oct 0.1 41 10 20
15 Oct 0.0 15 0
21 Oct 0.0 16 0
29 Oct 0.0 4 no data
3 Nov 0.0 3 0
Second Beach
Pseudo-nitzchia spp. Pseudo-nitzchia spp. Domoic Acid Domoic Acid Domoic Acid P. pseudodelicatissima
Date (10° cells/L) abundance' (ng/L) (fg/cell)? by L.C-MS/MS abundance®
7 July 0.0 18 0
13 July 0.1 38 0
27 July 0.3 54 0
5 Aug 0.5 56 4] 60
12 Aug 1.4 78 10 60
20 Aug 0.4 71 0
26 Aug 1.2 88 170 160 90
31 Aug 0.3 84 30 60
9 Sept 3.9 95 0
13 Sept 22 97 140 109 90
17 Sept 1.7 99 30
23 Sept 59 99 160 40 70
30 Sept 3.9 100 250
6 Oct 1.6 98 360 230 + 100
15 Oct 0.0 50 0
22 Oct 0.0 3 no data
26 Oct 0.0 26 no data
4 Nov 0.0 6 no data

Yas a percentage of the phytoplankton assemblage viewable at 100X: domoic acid per cell was only calculated where DA was > 100 ng/L., and P.
pseudodelicatissima abundance was >70%: “estimated values as a percentage of total Pseudo-nitzschia spp.

September and early October, at which time the percentage de-
clined. The increase was due to a bloom of P. pseudodelicatissima,
which comprised the majority of all Pseudo-nitzschia observed.
Pseudo-nirzschia pseudodelicatissima reached maximum num-
bers on September 22-23, corresponding to measurable levels
of DA at both sites and the highest measured DA levels at Kala-
loch Beach. After October 6. numbers of Pseudo-nitzschia
spp. declined dramatically, as did toxin levels at both sites. The
LC-MS/MS results confirm that DA was present on September 18.
22. 29, and October 5 at Kalaloch Beach and on October 6 at
Second Beach.

Nutrients and Chlorophyll a

Figure 4 shows the concentrations of phosphate. silicate, and
nitrate relative to Pseudo-nitzschia spp. cell counts at Kalaloch
Beach and Second Beach (Pseudo-nitzschia spp. cell counts are
duplicated from Fig. 2). On July 26, there was an increase in the
levels of all three nutrients at Kalatoch Beach (Fig. 4a). Phosphate
and silicate increased by a tactor of approximately 4 compared to
the previous sampling date. and nitrate increased by a factor of
about 40. Approximately 3 weeks after the influx of nutrients,
there was a subsequent rise in the number of Pseudo-nitzschia spp.
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Figure. 4. Weekly concentrations of nitrate, silicate, phosphate from
July through October 1998, at Kalaloch Beach (A) and Second Beach
(B). Pseudo-nitzschia spp. cell counts are duplicated from Figure 2 for
reference. Weekly chlorophyll a concentrations at Kalaloch Beach and
Second Beach are shown (C).

cells that reached a maximum of 4 x 10° cells/L in August. There
was another increase in nutrient levels on September 1; phosphate
and silicate increased by a factor of 5 from the previous sampling
date, and nitrate increased by a factor of 175. Until about Septem-
ber 14, nutrient levels remained relatively constant at Kalaloch
Beach. with phosphate ranging from 1-2 wM. silicate 37-46 wM,
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and nitrate 22-24 M, with the highest levels occurring on Sep-
tember I. About 2-3 weeks following this second increase in
nutrients, Pseudo-nirzschia spp. cell numbers increased from 0.5 x
10° celfls/L on September 1 to 2.0 x 10 cells/L on September 13.
Nutrient levels decreased substantially on September 18, corre-
sponding to an increase in the number of Pseudo-nitzschia spp. to
10.6 x 10° cells/L. Pseudo-nirzschia spp. cell numbers reached
their maximum of over 17 x 10° cells/L. several days later on
September 22, while nutrients continued to decline. After reaching
this peak, Pseudo-nitzschia spp. cell counts rapidly decreased and
remained low throughout the remainder of 1998. Chlorophyll a
levels at Kalaloch Beach were routinely higher than those at Sec-
ond Beach. except for the August 5 sampling date, when they were
similar (Fig. 4¢).

Second Beach showed more sustained high levels of nutrients
compared to Kalaloch Beach (Fig. 4b). At Second Beach from July
7 to September 30, phosphate ranged from 1-2 pM, silicate from
26-36 pM., and nitrate from 12-22 uM. The concentrations of
these nutrients peaked on August 31. After nutrient concentrations
reached their maximum, there were two distinct peaks in Pseudo-
nitzschia spp. cell numbers (4 % 10° cells/L on 20 August and 6 x
10° cells/L. on September 23), which coincided with slightly de-
creased nutrient concentrations. On September 30, the number of
Pseudo-nitzschia spp. cells began to decrease and on October 6 the
levels of nutrients also began to decline. Chlorophyll a levels at
Second Beach were less than 10 pg/L on all sampling dates
(Fig. 4c).

Meteorological and Oceanographic Conditions

Monthly precipitation and sea surface temperatures (SST) are
shown in Table 2 (see Fig. | and Methods for the locations of these
monitering sites). Average values for June through October for the
period of record are compared to data for those months in 1998,
Water temperatures for 1998 were similar to levels documented
during the period of record (1987—1993). However, levels of pre-
cipitation for the summer of 1998 were lower than the average for
the period of record (1948-1997), with September 1998 values
almost an order of magnitude less than the average. There were
also comparatively low amounts of rainfall at Kalaloch Beach
during August and September of 1998 (B. Rhode pers. comm.).

Wind vectors are shown in Figure Sa. Data from the end of July
through September showed periods of upwelling favorable winds
(vectors pointing toward the southeast), with the most sustained
period of strong upwelling in late August through early September.
Periods of wind relaxation and mild reversal were common

TABLE 2.

Monthly mean sea surface temperature and precipitation on the Washington coast.

Period of Record

June July August September October
Precipitation (cm) 1948-1998 8.0 6.6 57 12.2 26.4
Seu surface temperature (°C) 1987-1993 12.9 13.5 13.8 13.2 12.3
1998
June July August September October
Precipitation (cm) 3.2 5.3 0.4 1.3 20.8
Sea surface temperature (°C) 12.6 13.8 14.0 12,4 12.6
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Figure. 5. A. Vector time series of daily average winds from June
through October 1998. Length of lines refer to speed, angle of vector
refers to direction. B. Weekly sea surface temperature at Kalaloch
Beach and Second Beach from July through October £998. Solid ar-
rows indicate the date when the maximum numbers of Pseudo-
nitzschia spp. cells were seen at both beaches (September 22-23). Wind
reversal immediately before arrow is on September 16-19.

through the summer months. Upwelling favorable winds were sus-
tained from late August through early September, and then began
to weaken in strength toward the end of September. In the begin-
ning of October, a strong transition to northward (non-upwelling)
winds was observed.

A decrease in water temperature was recorded at both beaches
in mid-August, followed | week later by a warming event. which
corresponded to the first observation of toxic Pseudo-nitzschia
spp- (Fig. 5b). Water temperature decreased by approximately
6.0 °C at Kalaloch Beach and 4.5 °C at Second Beach from late
August to mid-September. coincident with strong northwesterly
winds. Water temperature increased at both sites during the last 2
weeks in September and into early to mid-October. At both
beaches. the maximum numbers of Pscudo-nitzschia spp. cells
were seen during this temperature increase (solid arrow).

Pseudo-nitzschia pseudodelicatissima Growth Study

Psceudo-nitzschia pseudodelicatissima in culture had apical
axes of 38-60 pm, transapical axes of 2-2.5 wm. 33-40 striae in

10 wm. 18-21 fibulae in 10 wm, and 5-6 poroids per | pm. Except
for the apical axes, which were approximately half of the reported
values. these measurements are similar to those describing p,
pseudodelicatissima in Hasle et al. (1996). Figure 6 shows average
growth rate and DA production for duplicate cultures of P
pseudodelicatissima. DA activity increased steadily through expo-
nential growth phase, and as the cells reached the late stationary
growth phase. DA production dramatically increased. This experi-
ment illustrates that an isolatc of P. pseudodelicatissima from
Washington coastal waters does produce DA as measured by a
receptor binding assay. and toxin production increases as the cells
reach stationary phase.

DISCUSSION

Domoic Acid Observations on the U.S. West Coast in 1998

The same species of Pseudo-nitzschia was not responsible for
all toxic events along the U.S. west coast during 1998. DA was
first detected in sardines and anchovies in California coastal waters
in May 1998, then subsequently measured in razor clams on the
Oregon coast beginning in latc July and in Washington State razor
clams later that summer. Pscudo-nitzschia australis was respon-
sible for the death of over 50 sea lions in May and June 1998 along
the central California coast (Gulland et al. 1999, Lefebvre et al.
1999, Scholin et al. 2000). Levels of DA in razor clams in Oregon,
above the 20 pg/g regulatory limit. coincided with the presence of
P. ausrralis in coastal waters beginning in late July (D. Cannon
pers. comm.. Trainer et al. in press.). In contrast, we report here
that the toxic event on the Washington coast that resulted in record
levels of DA in razor clams in October 1998 was attributable to a
bloom of P. pseudodelicarissima.

The association of different Pseudo-nitzschia species with dis-
tinct toxification events indicates that the hydrographic factors
influencing toxic bloom occurrence and toxic cell transport may be
unique to a given U.S. West Coast region. Given the southward
surface flow of the Calitornia current system and maximum Co-
iumbia River discharge as a low salinity, low density, offshore
plume lying to the southwest during summer months. it is unlikely
that a northward transport of phytoplankton cells is a primary
means by which toxic cells are spread northward along the coast
trom California to Washington. We hypothesize that onshore ad-
vection of localized offshore populations of Pseudo-nitzschia spp.
cells that are present in U.S. West Coast waters during summer
months (Horner et al. in press) is the likely means of toxic bloom
initiation in Washington State waters.
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Figure. 6. Cell counts and domoic acid levels in a cultured isolate of P.
pseudodelicatissima. The error bars indicate the range of values from
duplicate measurements at each time point.
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Environmental Conditions

What were the environmental conditions that allowed a toxic
bloom to occur? Observations of toxic blooms in eastern Canada,
central California, and Puget Sound, Washington, have indicated
that rainfall may provide a significant source of nutrients that are
important in bloom initiation. High precipitation following an un-
usually dry summer was suggested as a causative factor in 1987
DA incident in eastern Canada (Bird and Wright 1989, Smith et al.
1990), with runoff supplying the nitrogen source. Similar condi-
tions were documented in the 1991 DA episode off the Washing-
ton coast, which occurred after a hot, dry period followed by rain
(Horner and Postel 1993). 1.ack of runoff in central California
during spring through autumn is the norm (Buck et al. 1992);
however, record levels of rainfall were experienced in central Cali-
fornia during the early months of 1998 before the outbreak of P.
australis (Trainer et al. 2000, Scholin et al. 2000). Rainfall and
corresponding river runoff, followed by calm weather. were im-
portant factors in the development of a Pseudo-nitzschia spp.
bloom in Penn Cove, Puget Sound in the summer of 1997 (Trainer
et al. 1998).

Rainfall, however, is not the only source of nutrients to coastal
environments. The small upwelling events that punctuate the oce-
anic autumn/winter transition in the northeastern Pacitic (Bolin
and Abbott 1963) may substitute for freshwater runoff as a nitro-
gen source. The toxic P. australis blooms observed off the Cali-
fornia coast in 1998 were positioned in coastal upwelling zones
(Trainer et al. 2000). The present study shows that nutrient inputs
from upwelling in the absence of significant rainfall fueled the
Pseudo-nitzschia spp. bloom off the central Washington coast in
late September 1998. These case histories make it clear that a pulse
of nutrients. whether from rainfall and subsequent river runoff or
from coastal upwelling events, is required to fuel toxic Pscudo-
nitzschia spp. blooms.

The transition to wind relaxation and reversal events in mid- to
late September and a strong reversal in early October, which
marked the beginning of the autumn transition, resulted in the
Ekman transport of surface water toward the coast beginning in
mid-September. When upwelling winds reverse direction or relax.
surface waters can be transported rapidly into the nearshore region
where algal cells can mix vertically to the bottom (Donaghay and
Osborn 1997). The beginning of the autumn transition in 1998
corresponded with a dramatic increase in water temperature at
Kalaloch Beach ( + 4 °C) and at Second Beach ( + 2 °C: Fig. 5b).
The subsequent relaxation of upwelling winds (Fig. 5a) corre-
sponded to an increase in the number of cells observed at both
beach sites, reaching a maximum on September 22-23 (Fig. 4a.b).

Difference between Kalaloch Beach and Second Beach

Although species composition and cellular levels of DA were
similar at both beaches during the course of this study. the maxi-
mum number of Pseudo-nitzschia spp. cells, specifically P.
pseudodelicatissima. measured at Kalaloch Beach was at least
three times higher than the levels measured at Second Beach. Qur
results suggest that a pulse of nutrients. especially nitrate. rather
than a sustained nutrient supply could account for the difference in
the intensity of the bloom and. thus. the total levels of DA in the
seawater. Pulses of nitrate, possibly from resuspended sediments
after wind events or from river runoft have been previously asso-
ciated with blooms of P.smudtiseries in eastern Canada (Smith et al.
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1990). The highest concentration of nitrate at Kalaloch Beach was
measured on September I, a significant increase (175-fold) over
levels recorded on August 25. Although nitrate levels increased
slightly on Scptember | at Second Beach, the change in concen-
tration of this nutrient was not significant through September.
Chlorophyll a levels were also routinely higher at Kalaloch Beach
than at Second Beach (Fig. 4¢). This clearly indicates that hydro-
graphic factors at Kalaloch Beach were more supportive of phy-
toplankton blooms in the summer and early autumn months. The
physical oceanography that explains the different productivity at
Kalaloch Beach compared with Second Beach will be detailed in
future studies.

Toxigenic Pseudo-nitzschia pseudodelicatissima

Our measurement of increasing DA levels in a cultured isolate
of P. pseudodelicatissima, and confirmation of DA by mass spec-
troscopy of field samples consisting of 90-100% P. pseudodeli-
catissima. show that this species is a DA producer in Washington
coastal waters. Significant numbers of other known toxigenic
Pseudo-nitzschia species were not found in field samples collected
before and during the razor clam toxification event in 1998. The
1998 coastal event was not the only time that P. pseudodelicatis-
sima has been linked to toxin production in Washington waters.
This organism was the primary Pseudo-nitzschia species seen in
offshore areas of DA production during cruises aboard the R/V
McArsthur in the summers of 1997 and 1998 (Horner et al. in
press). However, P. pseudodelicatissima does not produce toxin in
all areas of the world. For example, DA has not been measured in
seawater at times when P. pseudodelicatissima formed densc
blooms in Monterey Bay (Walz et al. 1994, Scholin et al. 2000) but
it is known to produce toxin in the Bay of Fundy (Martin et al.
1990}, in the Guif of Mexico (M. Parsons pers. comm.). and in
certain clones isolated from Danish waters (Lundholm et al. 1997).
Genetic variability or differences in gene expression in various
strains of P. pseudodelicatissima may explain the variation in toxin
production by this organism in different regions.

Indeed. P. pseudodelicatissima did not producc measurable
amounts of toxin at all times in both cultured and field samplies.
For example, it was observed at Kalaloch Beach on August 19
(Table 1) when no toxin was measured in secawater. Laboratory
cultures showed that this alga produces maximum amounts of
toxin in late exponential and stationary phases of growth. The
highest cellular levels of DA in field samples were measured in
early October as the bloom was declining. Therefore, to predict
accurately the levels of toxin that will be produced by a bloom,
some knowledge of the growth stage of the bloom population must
be obtained. In the field, maximum numbers of P. pseudodelicatis-
sima were observed at Kalaloch Beach about 2-3 weeks after a
pulse of nutrients was recorded. Similarly. the cultured isolate
reached stationary phase of growth in approximately 12 days. Per-
haps similar growth rates and dependence of toxin production on
growth stage can be cxpected in field samples compared to labo-
ratory cultures, a possibility that needs to be determined empiri-
cally in tuture studies. This information will assist in the complete
characterization of natural blooms of toxic Pseudao-nitzschia.

Pseudo-nitzschia spp. cells were present in nearshore waters
through most of the summer at both beaches. indicating that they
may be able 1o bloom during much of the year. given the appro-
priate environmental conditions. During most of the summer of
1998, nontoxic or weakly toxic species such as P. ct. hedmii and P.
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pungens, respectively, were present at times when DA was not
detectable in the seawater. When a rich supply of nutrients became
available, toxic P. pseudodelicatissima cells increased in number
and reached bloom proportions (over 10° cells/L) over a 2-3 week
period. It is not clear which specific environmental conditions
caused P. pseudodelicatissima to become dominant and not any of
the other species of Pseudo-nitzschia that were present in the as-
semblage during the summer months.

Prediction

The influx of nutrients in early September 1998 was a result of
one of the strongest coastal upwelling events on the Washington
coast that season as evidenced by persistent northwest winds (Fig
4a). Although toxic blooms in Monterey Bay occur in the spring
and autumn, the Washington coast has recorded DA events pri-
marily in autumn months. This observation makes toxic blooms in
Washington potentially more predictable and perhaps more
strongly linked to nutrient pulses during coastal upwelling events,
especially in years of low rainfall. If nutrient concentrations and
environmental conditions are to be used as predictive factors. more
in-depth studies of thesc parameters as they relate to the compo-
sition of the phytoplankton assemblage must be undertaken.

Close observation of the developing Pseudo-nitzschia popula-
tion during latc summer and early autumn months and daily moni-
toring of environmental factors such as upwelling indices could
provide an early warning of toxic blooms that affect coastal razor
clam populations. Molecular probes able to detect toxic Pserndo-
nitgschia species found seasonally in Washington coastal regions.
possibly in the form of automated sensors placed on buoys. could
warn recreational and subsistence shelifishers of an impending
bloom event (Scholin et al. 1999). Although we know that razor
clams can become toxic within 18 days of the appearance of a
toxic bloom, the precise timing between the appearance of high
levels of DA in seawater. and the accumulation of toxin in clums

\

must still be determined in order to fine tune our predictive c;
bilities.
CONCLUSIONS

The late summer/early autumn outbreak of toxic Pseu
nitzschia was strongly linked to the relaxation of seasonal
welling in a year of unusually low rainfall. The bloom occurre
a time when winds reversed direction, allowing cells to be broy
to the coast. This scenario presumes an established, offshore po
lation of P. pseudodelicatissima. of which recent research cry;
provide evidence (Horner et al. in press, Trainer et al. in press).
conclude that the pennate diatom P. pseudodelicatissima wasg
major source of DA on the central Washington coast in the |
summer and autumn of 1998, with record levels of toxin in ra
clams detected in October of that year. Our study illustrates
toxic Pseudo-nitzschia can. indeed, contribute to the surf-zc
diatom community on which razor clams feed. Natural depurat
of razor clams was still not complete as of October 1999. This sl
depuration of toxin from razor clams has made a further impact
the already depressed coastal economies of Washington State
necessitating a second season of beach closures likely result;
from one toxic bloom.

ACKNOWILEDGMENTS

We thank Carla Stehr for performing SEM. Keri Baugh |
receptor binding assays, Mark Busman and Peter Moeller for L
MS/MS, and Mick Spillane for assistance with the wind vec
plot. We acknowledge Brian Bill and Ryan Colyer for cell cour
and isolation and culturing of P. pseudodelicatissima. Fran V
Dolah and David Hampson kindly provided the cloned glutam;
receptor. We gratefully acknowledge June Schumack for samg
collection and processing and Bich Thuy Le-Eberhart for chlor
phyll a analyses, data processing. and organization. Our thanks
to John Wekell for helpful discussions.

LITERATURE CITED

Anderson, D. M. (ed.). 1995. The ecology and oceanography of harmtul
algal blooms. a national research agenda. Woods Hole Oceanographic
Institution, Woods Hole, MA. 66 pp.

Bates. S.S., C. J. Bird, A. S. W. de Freitas. R, Foxall. M. Gilgan. L. A.
Hanic. G. R. Johnson, A. W. McCulloch, P. Odense. R. Pocklington.
M. A, Quilliam, P.G. Sim, I.C. Smith. D. V. Subba Rao, E.C.D
Todd. 1. A. Walter & J. L. C. Wright. 1989. Pennate diatom Nir=schia
pungens as the primary source of domoic acid, a toxin in shellfish from
castern Prince Edward Island. Canada. Cun. J. Fish. Aquat. Sci. 46:
1203-1215.

Bird. C. J. & J. L. C. Wright. 1989. The shellfish toxin domoic acid. Werld
Aguacult. 20: 4041

Bolin, R.L. & D.P. Abbott. 1963. Studies on the marine climate and
phytoplankton of the central coastal area of California, 1959 -196().
Culif. Coup. Oceanic Fish. Invest. Rept. 9:23- 45,

Buck. K. R., L. Uttal-Cooke. C. H. Pilskain, D. L. Rowlke. M. C. Villuc.
G. A. Fryxell, L. Cifuentes & F. P. Chavez. 1992. Autecology of the
diatom Pseudo-nitzschia australis. a domoic acid producer, from
Monterey Bay, California. Mar. Ecol. Prog. Ser. 84: 293-302.

Donaghay. P.I.. & T. R. Osborn. 1997. Toward u theory of biological—
physical control of harmtul algal bloom dynamics and impacts. Linuiol.
Oceuanogr. 42:128-1296.

Fritz. L.. M. A. Quilliam. J. L. C Wright, A. Beale & T. M. Work. 1992
An outbreak of domoic acid potsoning attributed (o the pennate diatom
Pseudonitzschia australis. J. Phycol. 28: 439-442,

Garrison. D. L.. S. M. Conrad. P. P Eilers & E. M. Ward. 1992. Confir-

mation of domoic acid production by Pseudo-nitzschia australis (B
cillariophyceae) cultures. J. Phveol. 28:604—607.

Guillard. R. R. L. & J. H. Ryther. 1962. Studies of marine planktonic di
toms. L. Cyvclorella nana Hustedt. and Detonuly confervacea (Clev
Gran. Can. J. Microbiol. 8: 229-239,

Gulland. F.. M. Haulena, M. Lander. L. J. Lowenstine, T. Spraker,
Lipscomb. F. Van Dolah, G. Doucette, C. Powell. V. Trainer, G. La
glois. K. Lefebvre. C. Scholin, J. Cordaro. T. Rowles, W. McLcllan
R. Delong. 1999. Domoic acid toxicity in California sea lions (Zul
phus californianusy stranded along the central California coast, May
October 1998. NOAA Tech. Mcmo. NMFS-OPR-8 (National Marir
Fisheries Service, U.S. Department of Commerce, 1999), 89 pp.

Husle. G.R.. C. B. Lange & E. E. Syvertsen. 1996. A review of Pseud
nirsschia. with special reference to the Skagerrak. North Atlantic, ar
adjacent waters. Helgolinder Meeresunters. 50:131-175.

Hatfield. C. L.. J. C. Wekell. E. J. Gaughitz, Jr. & H. ). Barnett. 1994, Sa
clean-up procedure ftor the determination of domoic acid by HPI.(
Nar. Toxins 2:206-211.

Horner. R. A.. D. L. Garrison & F.G. Plumiey. 1997. Harmtul alg:
blooms und red tide problems on the U.S. west coast. Limnol. Ocear
ogr. 42:1076—-1088.

Horner, R. A, B. M. Hickey & J.R. Postel. In press. Pseudo-nitzschi
blooms and physical oceanography off Washington State. USA. §. Af
J. Mar. Sci. 22.

Horner. R. A.. M. B. Kusske. B. P Moynihan. R. N. Skinner & J. C
Wekell. 1993. Retention of domoic acid by Pacific razor clams, Siligu
patula (Dixon. 1798): preliminary study. J. Shellfish Res. 12:451-45¢




Domoic Acib IN Razor CLAMS

Horner, R. A. & J. R. Postcl. 1993. Toxic diatoms in western Washington
waters (U.S. west coast). Hydrobiologia 269/270:197-205.

Lefebvre, K. A., C. L, Powell, G.J. Douceue, J. B Silver, P. E. Miller,
M. P Hughes, M. W. Silver & R.S. Tjeerdema. 1999. Detection of
domoic acid in northern anchovies and California sea lions associated
with an unusual mortality event. Nat. Toxins 7:85-92.

Lundholm, N_, J. Skov, R. Pocklington & @. Moestrup. 1997. Autecology
of P. pseudodelicatissima based on isolates from Danish coustal waters.
Phycologia 36: 381-388.

Martin, J. L., K. Haya, L. E. Burridge & D. J. Wildish. 1990. Distribution
and domoic acid content of Nitzschia pseudodelicatissima ——a source
of domoic acid in the Bay of Fundy, eastern Canada. Mar. Ecol. Prog.
Ser. 67:177-182.

Miller, P.E. & C. A. Scholin. 1998, Identification and enumeration of
cultured and wild Pseudo-nitzschia (Bacillariophyceae) using species-
specitic LSU rRNA-targeted fluorescent probes and filter-based whole
cell hybridization. J. Phycol. 34:371-382,

Scholin, C. A_, F. Gulland. G. J. Doucette, S. Benson, M. Busman. F. P.
Chavez, J. Cordaro, R. DeLong, A. De Vogelaere. J. Harvey, M. Hau-
lena, K. Lefebvre. T. Lipscomb, S. Loscutoff, L. J. Lowenstine. R.
Marin 111, P. E. Miller. W. A. McLellan. P. D. R. Moeller. C. I.. Pow-
ell, T. Rowles, P. Silvagni, M. Silver. T. Spraker. V. Traincr & F. M.
Van Dolah. 2000. Mortality of sea lions along the central California
coast linked to a toxic diatom bloom, Nature 403:80-84.

Scholin, C., G. Massion. E. Mellinger, M. Brown, D. Wright & D. Cline.
1999. The development and application of molecular probes and novel
instrumentation for detection of harmful algae. Ocean Community
Conterence 98 Proceedings, Marine Technology Society. vol. 1. pp.
367-370.

Smith. J. C., R. Cormier. J. Worms, C. J. Bird. M. A. Quilliam, R. Pock-
lington, R. Angus & L. Hanic. 1990. Toxic blooms of the domoic acid
contining diatom Nitzschia pungens in the Cardigan River, Prince
Edward Island. pp. 227-232 /n: E. Granéli, B. Sundstrom, L. Edler &
D. M. Anderson (eds.). Toxic Marine Phytoplankton. Elsevier. New
York.

Taverna. F. A. & D. R, Hampson. 1994. Properties of a recombinant kain-
ate receptor expressed in baculovirus-infected insect cells. Eur. 1.
Pharmacol. 266:181-186.

Taylor, R. J.R. & R. A. Horner. 1994. Red tides and other problems with
harmful algal blooms in Pacific Northwest coastal waters, pp. 175-186.
In: Review of the marine environment and biota of Strait of Georgia.

1015

Puget Sound. and Juan de Fuca Strait. Can. Fish. Aquat. Sci. Tech.
Rept. 1948,

Todd. E.C. D. 1993. Domoic acid and amnesic shellfish poisoning—a
review. J. Food Protection. 56(1):69-83.

Trainer. V. L., N. G. Adams, B. D. Bill. B. F. Anulacion & 1. C. Wekell.
1998. Concentration and dispersal of a Pseudo-nitzschia bloom in Penn
Cove, Washington, USA. Nat. Toxins 6:113~126.

Trainer. V. L., N.G. Adams, B.D. Bill. C. M. Stehr, J. C. Wekell, P.
Moeller, M. Busman & D. Woodruff. 2000. Domoic acid production
near California coastal upwelling zones. June 1998, Limnol. Oceanogr.
45:401-440.

Trainer. V. L., N. G. Adams & J. C. Wekell. In press. Domoic acid pro-
ducing Pseudo-nitzschia species off the U.S. west coast associated with
toxificaton events. /n: G. M. Hallegraeff (ed.). Proceedings of the 9th
International Conference on Harmful Algal Blooms (HAB 2000).

Van Dolah. F. M., T. A. Leighfield. B. L.. Haynes, D. R. Hampson & J. S.
Ramsdell. 1997. A microplate receptor assay for the amnesic shellfish
poisoning toxin, domoic acid, utilizing a cloned glutamate receptor.
Anal. Biochem. 245:102-105.

Walz. P. M. D. L Garrison, W. M. Graham. M. A. Cattey, R. S. Tjeerdema
& M. W. Silver. 1994. Domoic acid-producing diatom blooms in the
Monterey Bay, California: 1991-1993. Nat. Toxins 2:271-279.

Wekell . J.C,E. J. Gauglitz, Jr., H. J. Barnett, C. L. Hattield, D. Simons &
D. Ayres. 1994. Occurrence of domoic acid in Washington State razor
clams (Siliqua patuia) during 19911993, Nat. Toxins 2:197-205.

Welschmeyer, N. A. 1994, Fluorometric analysis of chlorophyll a in the
presence of chlorophylt b and phaeopigments. Limnol. Oceanogr. 39:
1985-1992.

Whitledge, T.E., S. C. Malloy, C.J. Patton & C. O. Wirick. 1981. Auto-
mated nutrient analysis in seawater. Broukhaven National Laboratory
Rept. 51398. 216 pp.

Work, T. M., B. Barr, A. M. Bealc, L. Fritz. M. A. Quiltiam & J. L. C.
Wright. 1993, Epidemiology of domoic acid poisoning in brown peli-
cans (Pelecanus occidentalis) and Brandt’s cormorants (Phalucrocorax
penicillatus) in California. J. Zoo. Wildlife Med. 24: 5462,

Wright, J. L. C.. R. D, Boyd, A.S. W. de Freitas. M. Falk, R. A. Foxall.
W. D. Jamieson. M. V. Laycock. A. W. McCulloch, A. G. Mclnnes. P,
Odense. V. P. Pathak. M. A. Quilliam. M. A. Ragan. P. G. Sim. P.
Thibault, J. A. Walter, M., Gilgan. D.J. A. Richard & D. Dewar. 1989,
Identification of domoic acid, a neuroexcitatory amino acid, in toxic
mussels from castern Prince Edward Island, Can. J. Chem. 67:481-490).




