
The Pacific coastal waters off Washington are in-
fluenced by an eastern boundary current, the California
Current. It is a broad, shallow, slow-moving current
that flows southwards and brings cold, low-salinity,
highly oxygenated, nutrient-rich subarctic water to
the region. Prevailing winds and currents show marked
seasonal variations. Currents flow generally north-
wards during autumn and winter, associated with on-
shore flow near the surface and southwards during
spring and summer, associated with offshore flow in
the surface layers (Strub et al. 1987). However, within
any season, wind and/or currents can reverse from
the seasonal mean direction for periods of several days
or more. Furthermore, the principal wind and current
fluctuations are similar over distances of a few hundred
kilometres along the coast, the currents being largely
driven by wind (Hickey 1989, 1998).

There are marked seasonal variations in phyto-
plankton abundance over the narrow continental shelf
off Washington. Highest cell concentrations are during
spring and summer, typically inshore (Landry et al.
1989, Perry et al. 1989). A spring phytoplankton bloom
occurs in March–April, initiated by increasing insola-
tion and restratification of the upper layer, and summer
phytoplankton blooms are driven by wind-induced,
episodic upwelling of nutrient-rich water near the
coast. Blooms that develop during intense upwelling,
driven by north-westerly winds, may be advected
rapidly towards the coast when winds relax and reverse
their direction (Hermann et al. 1989). As a result, up-
welling and downwelling play dominant roles in bio-
logical production. 

Populations of toxic phytoplankton species along the
Washington coast are contained within the seasonal
variation in phytoplankton abundance. They are wide-

spread, occurring in coastal estuaries (Sayce and Horner
1996) as well as along open coastal beaches (present
authors’ unpublished data). However, toxic outbreaks
along the west coast of the U.S. may be highly localized
or extend over several hundred kilometres (Nishitani
and Chew 1988, Price et al. 1991, Horner et al.
1997). Depending on the shellfish species affected,
outbreaks may last for several months, even though
the blooms that produce the toxins may be short-
lived. For example, razor clams Siliqua patula may
contain high levels of domoic acid for months (Drum
et al. 1993, Horner et al. 1993, Wekell et al. 1998),
whereas in laboratory studies blue mussels Mytilus
edulis eliminate domoic acid within a few days
(Novaczek et al. 1992). In field studies, however,
depuration in blue mussels was slow, occurring over a
period of about two months in late autumn when the
water temperature fell rapidly and when numbers of
Pseudo-nitzschia declined (Smith et al. 1990).

There are few long-term records of phytoplankton
abundance for western Washington waters, and most
of the current information on harmful algal blooms is
gained from incidences of toxins in shellfish rather
than from knowledge of toxic phytoplankton species.
Dinoflagellates of the genus Alexandrium and diatoms
of the genus Pseudo-nitzschia appear to pose the
most pressing public health and economic problems
in the region. Paralytic shellfish poisoning (PSP) has
been found in all bivalve molluscs along the
Washington coast beaches, at least since the 1940s
when three people died after eating clams and mussels
harvested in the area. PSP is usually highest in shell-
fish in July and August and most events occur between
May and October. High levels of PSP, ranging from
286 to 341 µg toxin.100 g-1 shellfish flesh (Washington
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Department of Health, unpublished data), were found
in commercially grown oysters in coastal estuaries in
November and December 1997, yet razor clams on
beaches surrounding the estuaries were not affected.
Domoic acid poisoning (DAP), also called amnesic
shellfish poisoning or ASP, was first recognized in the
Pacific north-west in 1991 and has affected primarily
recreationally harvested razor clams and commer-
cially harvested Dungeness crabs Cancer magister.
Although domoic acid is most common in razor clams
in October and November, it has also been detected
in the water column in association with Pseudo-
nitzschia blooms off the northern Washington coast
in July (Wekell et al. 1998). In October 1998, domoic
acid levels in razor clams on open beaches were the
highest ever detected there (up to 287 µg.g-1 of shell-
fish flesh – Washington Department of Health, un-
published data) and resulted in the cancellation of the
recreational harvest of razor clams. Traces of domoic
acid (approx. 1–2 µg.g-1) were also found in commer-
cially grown oysters in the coastal estuaries. Therefore,
toxin outbreaks cause substantial economic losses to
the coastal communities, as well as being a serious
public health risk. In order to protect the public, blanket
closures of the Washington coast are in effect from
spring to autumn each year for PSP and sometimes
seasonally (spring and/or autumn) for DAP. Such
closures are necessary because there is little under-
standing of the environmental conditions and other
factors that lead to the presence of toxin-producing
algal species.

To address these issues, data were collected on three
surveys in the Olympic Coast National Marine Sanc-
tuary off the northern Washington coast (Fig. 1). In
addition, samples were collected at five beaches, three
within the Sanctuary, approximately twice monthly for
four years. This paper reports primarily on the off-
shore distribution and abundance of phytoplankton
species that are known toxin producers (e.g. species of
Pseudo-nitzschia and Alexandrium), and on the total
diatom population during the surveys.

MATERIAL AND METHODS

Samples were taken during three cruises: 27 June–
9 July 1996, 7–20 July 1997 and 25 June–3 July 1998.
Cross-shelf transects were occupied from south to north
on the first two cruises, and from north to south during
the third cruise. Data were usually collected at night,
with each transect taking about 8–10 h to complete.
Temperature and salinity data were collected at each
station by means of a CTD cast to within 5–10 m of
the bottom. Phytoplankton, nutrient and salinity samples

were collected at 4–6 depths in the upper 50 m of the
water using Niskin bottles attached to the CTD rosette.
Phytoplankton samples were preserved with buffered
formalin (c. 1% final concentration) and analysed for
species presence and abundance by the Utermöhl in-
verted microscope method (Hasle 1978). Identifications
of Pseudo-nitzschia spp. were confirmed for two
cruises using scanning electron microscopy (SEM)
on selected samples collected by vertical net tows
(20-µm mesh, 25-cm mouth diameter) in the upper
10 m. Nutrient samples were frozen and later analysed
using standard autoanalyser methods (Whitledge et
al. 1981). To verify the calibration of the CTD conduct-
ivity sensor, the salinity of selected bottle samples was
determined in the laboratory using a Guildline Autosal
8400B salinometer. Representative wind data for the re-
gion were obtained from the U.S. National Data Buoy
Centre.  

Additional information on species presence was
obtained from shore sampling at five beaches on the
central Washington coast. Samples were collected from
the surf using a bucket, and the contents were concen-
trated with a 20-µm mesh net. In 1997, such collections
were made at the nearshore end of the transects, within
one day of being sampled during the cruise. Samples
were examined using phase-contrast light microscopy
within a day of collection, while the cells were still
alive. Species were identified and their relative abun-
dances determined. Some samples were acid-cleaned and
examined by means of scanning electron microscopy
(SEM) to positively identify Pseudo-nitzschia spp.

RESULTS

Data presented here are limited to near-surface
measurements. In 1996 and 1997, colder, more saline
water occurred to the north and warmer, less saline
water to the south in the survey area. In 1998, however,
the water was generally cooler and more saline close to
shore over most of the study area (Fig. 1). Temperatures
at all stations in 1997 exceeded those in 1996 and
1998, reflecting the El Niño conditions that existed in
the Pacific north-west during 1997 (Huyer et al. 1998).
In that year, warmer water was present in the south-
western corner of the Sanctuary. 

Along the Washington coast, southerly winds are
associated with onshore and northward surface flow
over the shelf (generally downwelling conditions), and
northerly winds are associated with offshore and south-
ward surface flow (generally upwelling conditions –
Hickey 1989). Time-series of wind vectors (Fig. 2)
show that wind changed speed and direction over
short time periods during each cruise. In 1996 and
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1997, the southern transects were sampled during 
periods of modest (1996) or strong (1997) southerly
winds. The northern transects were occupied during a
period of northerly winds, interrupted on several oc-
casions by wind relaxation (zero to near zero winds)
or by modest southerly winds. In 1998, the northern-
most transect (Strait of Juan de Fuca) was sampled
during a period of modest southerly winds, whereas
most of the other transects were sampled during periods
of relatively strong northerly winds (Fig. 2). Therefore,
the warmer, fresher water at the southern stations in
1996 and 1997 was likely a result of northward and
onshore movement of water from the coastal estuaries
south of the Sanctuary (Fig. 1). The colder, more saline
water nearshore and north of La Push in 1996 and
1997 was likely a result of the prevalence of upwelling.
Nutrient concentrations also were consistent with up-
welling conditions in the northern region. Near-surface
concentrations were lower in the south than in the north.
From south to north, phosphate values ranged from
<0.1 to 2 µmol.l-1, silicate from <1 to 45 µmol.l-1,
nitrate from 0 to 14 µmol.l-1, and ammonium was
generally <1 µmol.l-1. In 1998, coastal water properties
were consistent with weak downwelling at the northern
end of the survey, whereas there was relatively strong
upwelling from La Push southwards (Fig. 1).  

The structure of the water column along two cross-
shelf sections (one during downwelling and the other
during upwelling) occupied on 11 and 16 July 1997 is
shown in Figures 3 and 4 respectively. The winds on
11 July off Kalaloch, and for the previous several days,
were primarily southerly, which led to warmer, less
saline waters near the coast, as well as depressed
isotherms, isohalines and isopycnals. Higher chloro-
phyll concentrations appeared to be associated with
two pockets of low salinity, near-surface water, one
near-shore and the other midshelf, with a nearshore
subsurface maximum (5 mg.m-3). However, Pseudo-
nitzschia spp. had a different spatial structure, with a
band of high cell concentrations beneath less saline
water and lower cell concentrations in two pockets of
freshwater near the surface. This difference in structure
may be attributable to the fact that total chlorophyll
would include phytoplankton indigenous to (or previ-
ously entrained by) the estuarine plume water.  

In contrast, during upwelling conditions on 16 July
off Cape Alava, after several days of northerly winds
(Fig. 4), the nearshore, near-surface water was 3-4ºC
cooler and the salinity was 2–3 × 10-3 higher than
found off Kalaloch five days earlier. The chlorophyll
distribution off Cape Alava had both higher surface
concentrations (10–20 mg.m-3) and steeper vertical gra-
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dients than off Kalaloch. Also, concentrations of Pseudo-
nitzschia spp. were 50 times higher at the surface
(often >3 × 105 cells.l-1), but numbers dropped off
sharply below 10 m at most stations. The nearshore
maximum may be a result of new growth (five days of
upwelling preceded sampling), whereas the maximum
farther offshore may be a residual from a previous up-
welling cycle.

Total diatom abundance was similar in all three years
(Fig. 5), despite the fact that sampling in 1997 was
conducted during a major El Niño event. Pseudo-
nitzschia spp., however, appeared to be more abundant
during the 1997 survey (Fig. 6).  

Highest cell concentrations were generally in the
upper 10–20 m of the water column, declining markedly
below 30 m (Figs. 3, 4). Pseudo-nitzschia spp. were
found in >85% of the samples, but they generally con-
stituted <10% of the phytoplankton population. P. pun-
gens was most abundant in 1996 and P. pseudodeli-
catissima was the dominant species in 1997 and 1998,
when few P. pungens cells were present. However,
during the autumn 1998 DAP outbreak, three species
of Pseudo-nitzschia (P. pseudodelicatissima, P. pungens
and P. fraudulenta) were identified in the beach samples
and in additional samples collected just offshore

from Grays Harbor. All species are reported to produce
domoic acid (Martin et al. 1990, 1993, Rhodes et al.
1998, Trainer et al. 1998, Bates et al. 1998), although
cellular levels of DA may be low.  

Alexandrium catenella was never abundant during
the surveys, being present in only 11% of the samples,
and usually at concentrations of about 104 cells.l-1

(Fig. 7). The species was distributed over the whole
area in 1996 and 1997, but was confined mostly to
the central and southern part of the survey area in
1998. A. catenella was also more abundant in 1997.
The patch of warmer water in the south-western corner
of the Sanctuary in 1997 contained no Pseudo-nitzschia
spp. or A. catenella cells. This patch of anomalously
warm water was likely associated with El Niño con-
ditions and was probably advected northwards and
onshore by the strong downwelling event during 8 and
9 July 1997 (Fig. 2).

DISCUSSION

Off southern California, Pseudo-nitzschia spp., 
especially P. australis, have been a regular and abun-
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dant component of the phytoplankton in spring and
early summer since the 1930s (Lange et al. 1994).
Periods of high abundance were associated with the in-
trusion of cool, high-nutrient water, possibly associated
with upwelling. Farther north, in Monterey Bay, Buck
et al. (1992) found P. australis to be positively correlated
with warmer water, but also with weak upwelling
events. Historical data for Monterey Bay (e.g. Bolin and
Abbott 1963, Garrison 1979, Schrader 1981, Smith
1991) suggest that Pseudo-nitzschia spp. may bloom
throughout the year. However, Walz et al. (1994) found
blooms only in late summer and autumn, when seasonal,
coastal upwelling is sporadic and hydrographic condi-
tions are characterized by warm water and low nutrients.

It appears that populations of Pseudo-nitzschia
spp. and Alexandrium catenella are frequently present
off the Washington coast, but not always in high concen-
trations. Higher cell densities of these species in 1997
may be attributable to the warmer water or increased
stratification associated with El Niño conditions. The
lower cell densities in 1998 may be a reflection of the
short duration of upwelling during the survey. It was
therefore uncertain if cell densities were specifically
related to El Niño conditions.

The spatial distributions of total diatoms, as well
as of Pseudo-nitzschia spp., seem to be strongly related
to the direction of coastal cross-shelf currents and to
the upwelling of nutrients. During periods of persistent
upwelling and offshore flow, high cell densities were
generally found far offshore. Onshore advection during
downwelling resulted in lower densities (both total
diatoms and Pseudo-nitzschia spp.) offshore during the
1996 and 1997 surveys from Copalis to Kalaloch (see
Kalaloch transect, 1997 – Figs 3, 5, 6, and the Cape
Elizabeth transect during a relaxation event in 1998 –
Figs 2, 5, 6). Recent upwelling was consistent with
increased cell densities nearshore (La Push and Cape
Alava transects, 1997 – Figs 4, 5, 6) and possibly new
cell growth (density 500 × 103 cells.l-1 at Cape Alava)
in response to increased nutrient concentrations. 

In 1997, there was a bloom of P. pungens at a site just
south of Grays Harbor (outside the Sanctuary). This
was ascertained from beach collections taken when the
southern transects were sampled (i.e. 8 and 10 July),
and when cell density was high. This suggests that
the cells that grew over the adjacent continental shelf
were advected toward the coast, most likely as a re-
sult of downwelling. This documents the first example
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in which an offshore bloom has been related to a bloom
so close to shore. The nearshore bloom was short-
lived, lasting only a few days, and reflects the dynamic
ocean circulation (in particular, episodic upwelling
and downwelling over the adjacent shelf) of the area.
An oomycete fungus present in some cells on 10 July
may have contributed to the decline of this bloom (see
also Pauley et al. 1994, Elbrächter and Schnepf
1998). Despite the appearance of the bloom in the surf
zone, no domoic acid was found in razor clams har-
vested from the same beach on 8 July, one day after
the start of the downwelling event.  

The distribution of A. catenella in this study area
remains puzzling. Few cells were observed in the
samples; the high concentration at La Push in 1998
(Fig. 7) was the result of one 15-celled chain from 30 m
deep. Usually only one or two cells were present and
chains were rare. More cells were observed in 1997,
during the El Niño event. A. catenella were observed
in all three years of study, generally in the upwelling
season. PSP outbreaks in northern California occur
primarily in autumn, following relaxation of up-
welling (Horner et al. 1997, D. M. Anderson, Woods
Hole Oceanography Institution, unpublished data).
Similar observations have been made in the rias of
north-western Spain (Fraga et al. 1988) and the
Benguela upwelling region (Pitcher and Boyd 1996,
Pitcher et al. 1998, Probyn et al. 2000). Perhaps the
same situation occurred in November–December of
1997, which led to the extensive PSP outbreak in
Washington’s coastal estuaries. If so, then the rela-
tively small A. catenella population observed off-
shore in July 1997 probably was maintained until late
autumn, when changes in hydrographic conditions
favoured increased growth and transport to the estuaries.

Although diatoms producing domoic acid appear
regularly off the Pacific north-west coast, the link be-
tween their presence offshore and the incidence of
domoic acid in razor clams has not been demonstrated.
It is shown here that A. catenella is frequently present
off the Washington coast, albeit in relatively small
numbers, but the mechanisms that maintain and trans-
port cells to the coastal estuaries are unknown. The
following important questions need to be addressed: 

(i) Are blooms of toxin-producing algae initiated
offshore, and if so, how? 

(ii) What is the mechanism and frequency of trans-
port to coastal beaches and estuaries? 

(iii) What is the relationship between toxic blooms
and toxin accumulation in coastal shellfish? 

Appropriate research is being implemented, using
ships of opportunity (e.g. the Sanctuary-sponsored sur-
veys), to gain relevant information towards addressing
these important questions.
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