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Abstract

	 Harmful algal blooms dominated by the diatom 
Pseudo-nitzschia spp. have become a perennial, but 
variable, event within surface waters near the greater 
Los Angeles area.  Toxic blooms during spring 
seasons from 2005 to 2007 strongly varied in their 
overall toxicity and duration.  Differences in bloom 
dynamics were linked to differences in storm-induced 
river discharge following episodic rain events and 
coastal upwelling, both major coastal processes that 
inject nutrients into coastal surface waters.  Heavy 
river runoff during early 2005, a record-rainfall 
year, favored a phytoplankton community mainly 
comprised of algal taxa other than Pseudo-nitzschia.  
The spring bloom during 2005 was associated with 
low domoic acid surface concentrations and minor 
contributions of (mainly) P. delicatissima to the 
diatom assemblage.  In contrast, highly toxic P. 
australis-dominated blooms during spring 2006 and 
2007 were linked to strong upwelling events.  River 
discharge quotas in 2006 and 2007, in contrast to 
2005, fell well below annual averages for the region.  
Surface toxin levels were linked to colder, more 

saline (i.e., upwelled) water over the three-year study, 
but no such consistent relationship between domoic 
acid levels and other physiochemical parameters, 
such as macronutrient concentrations or nutrient 
ratios, was observed.  

Introduction

	 Southern Californian coastal waters near Los 
Angeles have witnessed the appearance of toxic 
blooms of Pseudo-nitzschia spp. during the last 
decade, and the San Pedro/Long Beach Harbor region 
has been identified as a ‘hot-spot’ for the neurotoxin 
domoic acid (DA; Schnetzer et al. 2007, Caron and 
Schnetzer unpublished data).  The autecology of 
Pseudo-nitzschia species and DA poisoning events 
have become a research focal point not only along 
the US west coast (e.g., Kudela et al. 2004, Cochlan 
et al. 2008, Anderson et al. 2009) but worldwide, 
as geographical locales and maximal toxin levels 
associated with Pseudo-nitzschia blooms appear to be 
on the rise (e.g., Hasle 2002, Casteleyn et al. 2008, 
Trainer et al. 2012).  DA is a water-soluble neuro-
toxin that accumulates in filter-feeding organisms, 
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most notably shellfish and planktivorous fish such 
as anchovy and sardine (Lefebvre et al. 2002, Costa 
and Garrido 2004, Krogstad et al. 2009).  Humans 
consuming DA-contaminated seafood experience 
Amnesic Shellfish Poisoning (ASP) whose symptoms 
may include vomiting, confusion, memory loss, 
coma and even death (Bates et al. 1989, Wright et 
al. 1989).  Although fatal ASP-cases in humans have 
been rare, DA poisoning has resulted in large-scale 
mortality in marine animal populations including sea 
lions and seabirds (e.g., Work et al. 1993, Gulland 
et al. 2002, Bejarano et al. 2008), and shellfish 
closures along US coasts have caused significant 
economic losses as a consequence of DA contamina-
tion (Ramsdell et al. 2005, Bauer 2006).

	 Coastal upwelling events, mesoscale eddies 
and anthropogenic inputs of nutrients from river 
discharge and land runoff have all been implicated as 
possible causes for Pseudo-nitzschia blooms (Trainer 
et al. 2000, Parsons et al. 2002, Kudela et al. 2005, 
Anderson et al. 2008).  Determining the specific 
factors that regulate toxin production during bloom 
events, however, has been challenging because a 
variety of environmental triggers appear to initiate 
or stimulate DA production (Lelong et al. 2012).  
Laboratory and field studies have demonstrated that 
macronutrient levels (i.e., silicate and/or phosphate 
limitation; Pan et al. 1996a,b; Fehling et al. 2004), 
nutrient ratios (Schnetzer et al. 2007, Heisler et al. 
2008), the form of available nitrogen (Howard et al. 
2007, Cochlan et al. 2008, Thessen et al. 2009), trace 
metal concentrations (iron deficiency and copper 
surplus; Rue and Bruland 2001, Wells et al. 2005, 
Silver et al. 2010), bacterial associations (Bates et 
al. 1995, Kaczmarska et al. 2005) and partial CO2 
concentration (Tatters et al. 2012) may affect toxin 
production.

	 The goal of the study was to examine the envi-
ronmental conditions affecting the initiation, toxicity, 
and persistence of Pseudo-nitzschia blooms within 
the San Pedro and Long Beach Harbors (LA Harbor) 
and in the adjacent San Pedro Channel.  Bloom 
dynamics and DA concentrations were characterized 
during a three-year period to examine the temporal 
relationship between these events, coastal upwelling 
and river discharge from the highly urbanized greater 
Los Angeles metropolitan area.  

Methods

Study Site and Sampling
	 Weekly to monthly surveys were conducted 
between March 2005 and December 2007 (total of 
39) to investigate the spatiotemporal relationship 
between Pseudo-nitzschia bloom dynamics (toxin 
concentrations and Pseudo-nitzschia abundances 
in surface waters) with pertinent environmental 
parameters (temperature, salinity, inorganic nutrients, 
chlorophyll a), river discharge and coastal upwell-
ing.  The study area encompassed 20 sampling 
stations that spanned over ~400 km2 of the coastal 
Southern California Bight region between the Palos 
Verdes Peninsula and Newport Beach and included 
sampling sites inside the San Pedro and Long Beach 
harbors (Figure 1).  Sampling frequency increased 
from monthly to weekly during months when 
phytoplankton biomass was high and when Pseudo-
nitzschia cells were detected.  Seawater samples were 
collected from the surface (0 - 1 m) using a bucket 
and returned to the laboratory in 1 L polycarbonate 
bottles, which were chilled on ice and protected from 
sunlight during transport.

Physiochemical Measurements, River 
Discharge and Coastal Upwelling Data
	 Surface temperature (digital Fisherbrand 
thermometer) and inorganic nutrient concentrations 
were measured for all surveys during the three-year 
study period.  Seawater samples to determine nutrient 
concentrations (PO4

3-, NO3
-+ NO2

2-, Si(OH)4) were 
stored at -20°C until analyzes using an Alpkem 
RFA segmented flow analyzer (Gordon et al. 1993).  
Samples for the determination of surface salinity 
were obtained for 2006 and 2007 and analyzed on 
a Guildline AutoSal laboratory salinometer follow-
ing the manufacturer’s recommended technique 
(Technical Manual).  Salinity was not measured 
during surveys in 2005, but salinity information at a 
sampling location near Newport Beach Pier (Figure 
1) was obtained from the Southern California Coastal 
Ocean Observing System website (http://www.
sccoos.org).  Chlorophyll a (chl a) was measured 
fluorometrically (Turner Design 10-AU Fluorometer) 
following standard protocols on seawater samples 
(50 - 100 ml) filtered onto GF/F filters (Parsons et al. 
1984).  Average rates of river discharge into the San 
Pedro basin were obtained from the USGS database 
(http://waterdata.usgs.gov/ca/nwis) and a time series 
of temperature adjacent to the Newport Beach Pier 
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was obtained from the Southern California Coastal 
Ocean Observing System website (http://www.
sccoos.org).  Discharge data for the Los Angeles, 
San Gabriel and Santa Ana Rivers were analyzed as 
the main contributors of river discharge into the LA 
Harbor and adjacent San Pedro Channel (Figure 1).  
Upwelling indices for the central Southern California 
Bight (33ºN 119ºW), indicative of periods when 
upwelling was more likely to occur in response to 
overall wind patterns, were obtained for 2005 to 2007 
from the NOAA Pacific Fisheries Environmental 
Laboratory (PFEL; http://las.pfeg.noaa.gov).

Particulate DA Concentrations and Pseudo-
nitzschia Abundances
	 Concentrations of pDA (μg pDA L-1) were 
measured from 200 ml seawater samples filtered 
onto Whatman GF/F filters immediately after the 
samples were returned to the laboratory (within ~2 
hours) to minimize DA degradation.  The filters 
were stored frozen at -20˚C until analyzed using 
an Enzyme Linked ImmunoSorbent Assay (ELISA 
kits; BiosenseTM Laboratories, Bergen, Norway).  
Optimization and ground-truthing of the method 
to determine DA in particulate phytoplankton had 
been achieved during an earlier study (Schnetzer et 
al. 2007).  Filtration of 200 ml of seawater yielded 
a detection limit of 0.01 μg pDA L-1 for the ELISA 
assay.  Each sample was run at several dilutions and 
in duplicate.  Plankton tows in surface waters (0 - 1 
m) were conducted at 10 out of the 20 sampling 

stations during each survey using a net with 20 μm 
mesh size (every other station was sampled through-
out the grid).  The relative contribution of Pseudo-
nitzschia to the overall phytoplankton community 
was determined using aliquots (~0.1 ml) from each 
tow sample via light microscopy.  Samples in which 
Pseudo-nitzschia cells were detected were further 
examined using scanning and transmission electron 
microscopy (SEM/TEM; typically 5 - 10 stations 
per sampling event) to facilitate the identification of 
Pseudo-nitzschia species (Miller and Scholin 1998, 
Lundholm et al. 2003).  Absolute Pseudo-nitzschia 
abundances were determined for all surveys in 2006 
and during the peak of the bloom in 2007 (survey 
during which maximal surface toxin levels were 
detected during that particular year) using inverted 
light microscopy and standard settling techniques 
after sample preservation (25 - 50 ml) with acid 
Lugol’s solution (10% final concentration; Utermöhl 
1958).  An approximate lower limit of detection of 5 
cells ml-1 for the microscopical counts resulted from 
a total settled volume of 25 ml seawater and counting 
at least 150 cells per sample or 20 fields of view 
at 40x magnification.  Concentrations of cDA (pg 
cDA cell-1) were derived from pDA concentrations 
in a sample and abundances of Pseudo-nitzschia 
whenever measurable quantities of both parameters 
were obtained.

Statistical Analyses 
	 Abundances of Pseudo-nitzschia, pDA and cDA 
concentrations were examined for their relationships 
with physical parameters (salinity and temperature), 
biological (chlorophyll a) and chemical (PO4

3-, NO3
-+ 

NO2
2-, Si(OH)4) constituents and nutrient ratios.  The 

data were log-transformed prior to correlation analy-
ses using the Software package Statistica (StatSoft 
2002).  Missing data points were disregarded in 
pair-wise comparisons and values below detection 
(ELISA results for DA concentrations) were assigned 
a zero value.

Results

River Discharge and Coastal Upwelling
	 Rainfall, and consequent river discharge, is 
highly seasonal in southern California but also 
exhibited strong interannual variability during this 
three-year study (2005-2007).  Heavy rainfall during 
the winter and spring of 2005 resulted in substantial 
river discharge from the Los Angeles, San Gabriel 

Figure 1.  Map of study region (~400 km2) encom-
passing twenty surface sampling sites (black dots) 
along the coast of southern California between the 
Palos Verdes peninsula and Newport Beach.  The 
location of the three major rivers that discharge 
into the San Pedro basin are shown (Los Angeles, 
San Gabriel and Santa Ana River).  Newport Pier 
sampling site shown as star.
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and Santa Ana Rivers into the San Pedro Shelf 
region prior to the study’s sampling surveys (grey 
shaded area in Figure 2a).  In contrast, precipitation 
during 2006 and 2007 was well below previously 
recorded annual averages (USGS database at http://
waterdata.usgs.gov/ca/nwis; Figure 2a).  Accordingly, 
only 18 out of 424 surface salinity values obtained 
during 2006 and 2007 were <32.9.  These low values 
are characteristic of discharged river water in the 
Southern California Bight (Washburn et al. 2003).  
More than half of these lower salinity measurements 
during 2006 and 2007 were obtained at the two 
stations closest to the Los Angeles River outlet 
(Figure 1).  Overall, surface salinities ranged from 
22.8 to 33.8 during spring seasons in these two years 
(average = 33.2; n = 215), from 30.8 to 33.9 during 
summers (average = 33.5; n = 94) and from 21.5 to 
35.0 during autumn and winter months (average = 
33.3; n = 128).
	 Annual changes in temperature (survey averages 
shown as diamonds in Figure 2a) as well as continu-
ous temperature records from a monitoring site at 
the Newport Beach Pier (at the southeastern end of 
our sampling grid; black line in Figure 2a) indicated 
the appearance of cooler water (≤13.5°C) along 
the coastline during winter/spring periods (13.5°C 
being the nominal temperature of the 25 kg m-3 
isopycnal).  Minimum temperatures in surface waters 
tended to occur in late winter through spring when 
the basin-wide upwelling index increased (NOAA 
PFEL; Figure 2b).  The upwelling index was lower 
during January-March 2005 than in the following two 
years, but intensified in early April.  The index during 
the spring season of 2005 and 2006 appeared to be 
somewhat below the 45 year average (1967-2012), 
but was above the average during winter-spring 2007.  
Overall, surface temperatures ranged from 11.7 to 
19.2°C during spring seasons (average for all three 
years = 15.4°C; n = 311), from 15.0 to 24.6°C during 
summers (average = 19.0°C; n = 179) and from 12.5 
to 19.7°C during autumn and winter months (average 
= 16.1°C; n = 179).

Phytoplankton Dynamics
	 Pseudo-nitzschia was a member of the spring 
diatom assemblage in each of our project years and 
typically co-occurred with other chain-forming 
genera such as Chaetoceros, Asterionellopsis and 
Leptocylindrus.  Electron microscopy revealed the 
presence of P. delicatissima, P. fraudulenta and 
P. pungens in 2005 with P. delicatissima being 
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Figure 2.  Three-year record of weekly averages 
of river discharge rates (m3 s-1; grey area, primary 
y-axis) and surface temperature (°C) at Newport 
Beach city pier (black line, secondary y-axis) 
located at the southeastern corner of the survey 
grid; average temperatures recorded during the 
sampling surveys (diamonds, secondary y-axis) 
mirrored temperature recorded continuously at 
the Newport Beach city pier; surface temperatures 
below 13.5°C indicate periods of coastal upwelling 
(dotted line; a).  Weekly means for the upwelling 
indices (m3 s-1 (100 m coastline)-1) for the San Pedro 
coastal region (solid line) and monthly means 
computed over the past 45 years (broken line; b).  
Averages for chlorophyll a concentrations (μg L-1; 
grey bars, primary y-axis) and for particulate toxin 
levels (μg pDA L-1; black line, secondary axis) are 
shown with standard deviations in relation to 
each survey average (c).  Solid circles indicate 
detectable concentrations of pDA at one or more 
sampling stations.  Open circles indicate that all 
pDA concentrations were below the ELISA limit 
of detection for all the sampling stations of that 
survey.  Vertical dashed lines delineate each of the 
sampling years.

2005 2006 2007
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most common.  P. australis dominated the Pseudo-
nitzschia assemblage during 2006 and 2007, and 
other Pseudo-nitzschia species were only rarely 
detected (<1% of all examined Pseudo-nitzschia cells 
using SEM/TEM).
	 A succession in the composition of the 
phytoplankton assemblage was observed each year 
from dominance by diatoms during winter and 
early spring to dominance by a mixed dinoflagellate 
community by May/June.  The latter assemblage had 
strong contributions from the genera Prorocentrum, 
Ceratium and Cochlodinium.  Surveys between May 
and December of 2005 were unique from surveys 
during the same period in 2006 and 2007 in that 2005 
was characterized by blooms of the red tide dino-
flagellate Lingulodinium polyedrum.  Abundances 
of this species in excess of 3 x106 cells L-1 were 
observed, and in some regions the bloom was nearly 
monospecific.
	 Annual maxima of chl a were associated with 
samples dominated by L. polyedrum in August/
September 2005, by Pseudo-nitzschia spp. during 
March/April 2006 and by a mixed dinoflagellate 
community in May of 2007 (survey averages of chl 
a levels concentrations are grey bars in Figure 2c).  
High spatial variability in phytoplankton biomass 
throughout the sampling area (indicated by high 
standard deviations for chl a concentrations in 
Figure 2c) was observed on several survey dates.  
This high variability during the summer/autumn 
of 2005 was mainly due to exceptionally high cell 
densities of L. polyedrum at stations closest to 
shore, and during spring of 2006 and 2007 when 
Pseudo-nitzschia bloomed.  High spatial variability 
of chl a for the latter years was a consequence of the 
diatom occurring at high abundance at stations inside 
and immediately adjacent to the harbor breakwater 
(Figure 1).  Individual surface concentrations of chl a 
ranged from 0.1 to 72.2 μg L-1 during spring periods 
(mean for all 3 years = 8.0 μg L-1; n = 328), from 0.1 
to 120.2 μg chl a L-1 during summers (mean = 4.3 
μg chl a L-1; n = 230) and from 0.4 to 65.2 μg L-1 in 
autumn and winter months (mean = 5.1 μg L-1; n = 
177).

Particulate DA
	 Particulate DA (pDA) in surface water samples 
was detected at one or more stations during 27 of 
the 39 surveys conducted between March 2005 
and December 2007 (Figure 2c indicates average 
concentrations of pDA for each survey, together with 

the standard deviation across all samples within a 
survey).  Some of the surveys (three to five each 
year) yielded samples that exhibited no detectable 
pDA throughout the sampling area (open circles in 
Figure 2c).  High concentrations of pDA in surface 
waters during spring 2006 and 2007 were preceded 
or co-occurred with decreases in temperature to 
<13.5˚C, indicative of upwelling of water from 
beneath the nutricline (Figure 2).  Detectable but low 
concentrations of pDA in surface waters occurred on 
the leading edge of the single cooling event during 
spring 2005, and following high river discharge in 
the preceding weeks.  Concentrations of pDA were 
highest during spring, with low or undetectable levels 
observed during summer and variable but generally 
low concentrations in autumn and winter (Figure 2c).
	 Variability in the maximal concentrations of pDA 
attained in the samples, and the duration of toxic 
events, was substantial among the three years (Figure 
2c).  The highest concentration of pDA among all 
samples during 2005 was observed during mid-April 
(2.91 μg L-1) and coincided with the highest survey 
average for pDA during this year (0.38 μg L-1; n 
= 20).  Toxin was detected during 10 consecutive 
surveys between January and early May 2006 (Figure 
2c), with maximal concentrations of 14.4 μg L-1 
observed during a bloom in mid-March, and 11.9 μg 
L-1 during a second bloom in mid-April.  Averages of 
pDA for all samples within a survey for these dates 
were 7.1 and 5.3 μg L-1, respectively (n = 20 each).  
Similarly, toxin was detected during five consecutive 
surveys during 2007 between mid-March and May 
(Figure 2c).  The overall duration of the 2007 bloom 
was shorter than in the previous year but it was 
characterized by maximal pDA concentrations that 
were nearly twice the maximal concentrations of all 
samples in previous years (up to 27.0 μg L-1 in April; 
the overall average among all samples in that survey 
was 5.7 μg L-1; n = 20; Figure 2c).

Seasonal Patterns of Toxin Distribution
	 Seasonal patterns of pDA concentrations aver-
aged for spring, summer and autumn/winter for each 
of the three years illustrated strong seasonality of 
DA events in surface waters of the study area (Figure 
3).  These plots also indicate the generally lower 
toxin levels observed during the spring bloom in 
2005 compared to the following two years (Figure 
3a, d, g).  The highest toxin concentrations observed 
during spring were observed southwest of the San 
Pedro harbor during 2005 (arrow in Figure 3a), 
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inside the LA Harbor in 2006 (Figure 3d) and im-
mediately outside the harbor breakwater during 2007 
(Figure 3g).  High concentrations of pDA were more 
uniformly distributed throughout the sampling grid 
during spring of 2006 (Figure 3d), and were typically 
in excess of 2.0 μg L-1.  The majority of the remain-
ing sampling sites during all three years averaged 
≤1.0 μg L-1 during the spring sampling campaigns.  
Low but measureable concentrations of pDA during 
the summer were detected in surface waters within or 
just outside the harbor in all three years (Figure 3b, e, 
h); relatively low levels of pDA in the autumn/winter 
were detected throughout most of the sampling area 
during 2005 and 2007, but not 2006 (Figure 3c, f, i).

Pseudo-nitzschia Abundances
	 Pseudo-nitzschia cell abundances were obtained 
for 2006, a major bloom year in the region during 

which these diatoms always constituted a significant 
portion of the total diatom community.  Absolute 
abundances of Pseudo-nitzschia cells were not 
determined during 2005, but relative abundances of 
Pseudo-nitzschia to the overall diatom assemblage 
were estimated at <10% for all sampling dates.  
Abundances of P. australis during 2006 ranged from 
<5 to 1.44 x106 cells L-1 (n = 166; Figure 4).  These 
abundances of P. australis represented 17 to 77% of 
all diatoms present in the samples.  Cell abundances 
indicated a major bloom of P. australis during mid-
March (average abundances across the study site of 
847 x103 cells L-1; n = 20), and a minor bloom again 
during mid-April (survey average = 294 x103 cells 
L-1; n = 20).  Another minor bloom occurred during 
June (survey average = 212 x103 cells L-1) following 
a period in which the phytoplankton community 
was dominated by dinoflagellates.  CDA for the 

Figure 3.  Seasonal plots of particulate domoic acid (pDA) concentrations in surface waters averaged 
for each sampling station for spring (a, d, g), summer (b, h, e) and autumn/winter (c, f, i) during 2005 
(a - c), 2006 (d - f) and 2007 (g - i).  The number of surveys that were conducted during each season and 
for which averages are plotted is indicated in top right corner of each panel.  Arrows in panels a, d, and 
g indicate the sampling stations at which maximal pDA levels were observed in each year.  BD = below 
detection (limit of detection = 0.01 μg L-1).  Number of surveys averaged during each season is shown 
in the upper right corner of each panel.
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Pseudo-nitzschia cells in the 2006 surveys was 
calculated based on Pseudo-nitzschia abundances 
and pDA concentrations (Figure 4).  Average values 
of cDA for each survey ranged from undetectable to 
66.0 pg DA cell-1 (n = 169), and peaked during April 
(survey on April 12) near the end of the major March 
bloom of P. australis and during the first minor 
bloom during April.  The minor bloom of P. australis 
during June corresponded to very low cDA values for 
the diatom.
	 The relative contribution of P. australis to the 
diatom assemblages during 2007 was estimated at 
< 5% during all surveys except the one on April 
26 when P. australis made up ~60% of the diatom 
community (data not shown).  Floating aggregations 
of Pseudo-nitzschia cells were visible at stations 
within the sampling grid during this survey (Figure 
5).  Concentrations within the aggregates (up to ~20 
cm diameter) were not determined however, overall 
averages of cell abundances in surface samples (with 
homogenized densities including previously ag-
gregated cells) were documented at <5 to 1.12 x 106 
cells L-1 throughout the sampling grid (survey aver-
age = 3.75 x105 cells L-1; n = 15).  Concentrations of 
cDA for this survey were calculated at undetectable 
to 118 pg DA cell-1 (n = 15).

Inorganic Nutrients
	 Surface nutrient concentrations (PO4

3-, NO3
-+ 

NO2
2-, Si(OH)4) within the sampling region were 

generally highest during spring and autumn/winter 

periods (Figure 6).  Nutrient concentrations decreased 
1 to 2 orders of magnitude from nearshore to offshore 
station locations.  Beyond these generalities, high 
values were observed sporadically in time and space 
during the study.  Orthophosphate was highest during 
spring 2007 (9.6 μmol L-1 PO4

3- during May) at 

Figure 4.  Abundances of Pseudo-nitzschia spp. 
(black line) and cellular domoic acid (cDA) con-
centrations (grey shaded area) in surface waters 
observed during surveys in 2006.  Concentrations 
are survey averages of all 20 sampling stations.  
Error bars are standard deviation based on all 
20 samples.  The Pseudo-nitzschia assemblage 
during 2006 was almost entirely comprised of P. 
australis; other Pseudo-nitzschia species were 
rarely detected (<1% of all SEM/TEM examined 
Pseudo-nitzschia cells).
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stations off of Huntington Beach at the southeastern 
edge of the sampling grid.  Maximal concentrations 
for nitrogen (102 μmol L-1 NO3

-+ NO2
2- during April 

2006) and silicate (137 μmol L-1 Si(OH)4 during 
March of 2005) were observed inside the harbor 
and immediately south of the Los Angeles and San 
Gabriel River outlets.  Throughout the 3-year study 
period, Si:P ratios averaged 9.2 (range = 0.1 - 49.7; 
n = 753), N:P ratios averaged 3.7 (range = 0.9 - 69.5; 
n = 753) and N:Si ratios averaged 0.6 (range = <0.1 
- 33.9; n = 746; Figure 6).  Strongest deviations from 
mean Si:P and N:Si ratios were observed during river 
runoff periods in 2005, while the lowest N:P and N:Si 
ratios were observed during 2007.

Correlation Analysis
	 Statistical analyses were conducted to examine 
relationships between pDA, cDA and Pseudo-
nitzschia abundance and individual physiochemical 
parameters for the entire study period and for each 
individual year (data points for which pDA levels fell 
below the detection limit of the ELISA assay were 
not included).  Cell abundance and pDA were nega-
tively correlated with temperature, and together with 
cDA positively correlated with chl a (Table 1).  In 
addition, increased cDA was associated with in-
creased N:Si ratios and Pseudo-nitzschia abundance 
negatively correlated with PO4

3- and Si(OH)4 (Table 

1).  Detailed analyses on a yearly basis showed that 
these overall trends were strongly driven by our 
2006 findings.  Interestingly, however, no single 
parameter was consistently correlated with pDA for 
all three years of data nor were correlations for cDA 
or Pseudo-nitzschia abundances consistent (Table 
1).  Concentrations of pDA in surface waters were 
negatively correlated with N (= NO3

-+ NO2
2-) and N:P 

ratios for 2005 (p <0.05; Table 1), but these factors 
were not correlated for 2006 or 2007.  Toxin concen-
trations were negatively correlated with temperature 
and Si(OH)4 for 2006, negatively correlated with Si:P 
and N:Si ratios in 2007, and positively correlated 
with chl a for both 2006 and 2007 (p < 0.05; Table 
1).  Pseudo-nitzschia abundances were negatively 
correlated with temperature, PO4

3-, Si(OH)4 and Si:P, 
and positively correlated with chl a and N:Si.  For 
2007, no linkage was observed between either cell 
number or cDA and any of the physicochemical fac-
tors (Table 1).  In 2006, cDA in 2006 was positively 
correlated with chl a and N:Si.  Additional analyses 
using data summed by individual survey or pooled by 
season also indicated that correlations to chemical/
physical parameters were highly variable (data not 
shown).
	 One trend among the data was an association 
between pDA concentrations (and for Pseudo-nitzschia 
abundance; not shown) and colder, more saline water.  

Table 1.  Results for Spearman rank correlations.  Individual correlations between particulate domoic 
acid (pDA), cellular domoic acid (cDA), and Pseudo-nitzschia cell abundances (P. abund.) and physical, 
biological, and chemical parameters examined for the entire study period and for each study year sepa-
rately.  Values in bod are significant at P = 0.05.  N = NO3- + NO2

2-; n = number of pair-wise comparisons.
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This relationship was clearly illustrated when pDA 
was plotted against temperature and salinity (Figure 7).

Discussion
	 Coastal upwelling and rainfall-dependent river 
discharge are highly episodic events in southern 
California.  These events can provide substantial 
nutrient injections into coastal waters, although the 
quality and quantity of these injections varies with 
the particular type and magnitude of the event.  The 
temporal variability and magnitude of these events, 
and their qualitative differences, can affect the extent 
and type of phytoplankton bloom resulting from these 
nutrient injections.  The goal of this study was to 
examine the relative contribution of these processes 
to Pseudo-nitzschia blooms and DA production in the 
region.

Pseudo-nitzschia Blooms and DA in the Los 
Angeles Area
	 Concentrations of pDA observed in surface 
waters during this study were among the highest 
reported to date in this region and elsewhere where 
these events have been documented.  Monitoring for 
abundances of Pseudo-nitzschia, bloom dynamics 
and DA has indicated an apparent increase in recent 
years of toxic Pseudo-nitzschia blooms along the 
coastline of the Southern California Bight (Schnetzer 
et al. 2007).  The region bordering the Los Angeles/
San Pedro harbor region, in particular, has emerged 
as a perennial ‘hot spot’ for Pseudo-nitzschia blooms 
and DA events.  In the present study, the maximum 
observed pDA for a Pseudo-nitzschia assemblage 
dominated by P. delicatissima was 2.9 μg L-1 during 
2005, while for P. australis dominated blooms during 
spring of 2006 and 2007 maxima observed were 14.4 
and 27.0 μg L-1, respectively (while P. delicatissima 
outnumbered all other Pseudo-nitzschia species in 
2005, DA production was not confirmed for this 
species).  Visible accumulations of Pseudo-nitzschia 
were noted at the sea surface at several sampling 
stations were noted during the 2007 spring bloom, 
which to our knowledge is the first report of Pseudo-
nitzschia aggregates manifested on the surface of the 
water (up to ~20 cm diameter).
	 The blooms documented in our study area extend 
our knowledge of these events within the same study 
region reported for 2003 and 2004 when P. cf. cuspi-
data and P. australis were the primary DA producers.  
Maximal concentrations of pDA observed during 

those years were 12.7 and 1.9 μg L-1, respectively 
(Schnetzer et al. 2007).  Extremely high values (up to 
52.3 μg L-1) were recently documented from samples 
collected during March 2011 from surface waters of 
the San Pedro Channel 5 to 10 km south of the study 
grid (Stauffer et al. 2012).  Maximal concentrations 
of pDA for northern and central California have been 
reported at ~27 μg L-1 for the Juan de Fuca region 
(Trainer et al. 2009) and up to 49 μg L-1 for the Santa 
Barbara Channel in 2005 (Anderson et al. 2009).
	 The maximal concentration of cDA calculated 
for Pseudo-nitzschia cells collected from coastal 
waters in our study area fell within the range of the 
highest values published to date; ~120 pg cell-1 for 
both 2004 and 2007 (Schnetzer et al. 2007).  Cellular 
DA values of 75 and 78 pg cell-1 have been reported 
for Monterey and Morro Bay, respectively (Scholin 
et al. 2000, Trainer et al. 2000), and 216 pg cell-1 for 
natural assemblages from the Santa Barbara Channel 
(Anderson et al. 2009).  The absolute values of cDA 
must be considered crude estimates of maximal 
cellular toxin concentrations because these calcula-
tions attribute all pDA in a sample to intracellular 
content of the Pseudo-nitzschia cells in the sample.  
DA may also be contained in grazing zooplankton 
or microzooplankton, or in detrital material within 
the sample.  Nevertheless, the relative magnitude of 
these values indicates that the blooms in our study 
region represented highly toxic bloom events.
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Figure 7.  Concentrations of particulate domoic 
acid (pDA) in surface water samples collected in 
2005, 2006 and 2007 plotted on a temperature-
salinity plot.  Note the relationship between pDA 
concentrations (μg L-1) in surface waters with 
relatively low temperature (°C) and high salinity. 
Isolines show densities (kg m-3). 
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	 The concentrations of DA observed in our studies 
off the coast of southern California constituted a sig-
nificant health risk for marine animals in the region 
(Caron et al. unpublished data; California Marine 
Mammal Stranding Network).  Moreover, the rapid 
transport of toxic Pseudo-nitzschia cells to depths of 
>800 m within the Los Angeles coastal region has 
raised questions regarding the potential impact of 
these annual toxic events on toxin accumulation in 
benthic food webs in the area (Schnetzer et al. 2007, 
Sekula-Wood et al. 2009).

Coastal Upwelling, River Discharge, and 
Pseudo-nitzschia spp.
	 Storm events during winter and early spring in 
the Southern California Bight can lead to significant 
rainfall followed by episodic river discharge into 
the coastal ecosystem, particularly within our study 
area.  The San Pedro Bay receives output from 
three of the largest rivers in Southern California, 
whose watershed includes highly urbanized ter-
restrial environments that have a high percentage 
of impervious terrain.  Wind events in the region 
that result in upwelling, however, are usually not 
accompanied by substantive rainfall.  Differences 
in the magnitude and timing of these two processes 
(wind-driven upwelling, river discharge) among the 
three years of this study allowed us to examine their 
relative importance for stimulating spring blooms 
of Pseudo-nitzschia and DA production within the 
Southern California Bight region (Horner et al. 1997, 
Schiff et al. 2000).  Inputs of nutrient-rich water from 
river discharge or upwelling generally favor bloom 
formation by diatoms during the spring in this region 
(Venrick 1998, Schnetzer et al. 2007), but their 
specific contributions to blooms of toxic Pseudo-
nitzschia species have not been clearly established.  
	 Record rainfall during early 2005 contributed 
massive amounts of freshwater discharge into the 
San Pedro basin.  Substantial upwelling or vertical 
mixing did not occur until mid-spring following the 
earlier rain and runoff events.  Chlorophyll concen-
trations that year were indicative of phytoplankton 
abundances similar in magnitude to subsequent years 
but Pseudo-nitzschia spp. (mainly P. delicatissima) 
remained a minor component of the phytoplankton 
community during 2005, and pDA concentrations 
in the region were the lowest for the three years 
investigated.
	 In contrast, river discharges into the San Pedro 
basin during 2006 and 2007 were well below annual 

averages, yet these two years were characterized by 
repeated cooling events (particularly 2006) when 
low-temperature water (~13.5°C) was observed 
in surface waters during late winter and spring.  
Interestingly, high concentrations of pDA in surface 
waters throughout the study area were also observed 
in both years.  P. australis dominated spring assem-
blages during the ensuing blooms that were observed 
in 2006 and 2007.
	 The different responses of the phytoplankton 
community within our study area during these three 
years raises the probability that nutrient input to this 
coastal ecosystem, per se, was not a complete expla-
nation for blooms of Pseudo-nitzschia and outbreaks 
of DA.  Correlations between nutrient concentrations 
(or nutrient ratios) and pDA, cDA and Pseudo-
nitzschia abundances occurred within our dataset but 
these relationships were not consistently observed 
among the three years.  A clear link was apparent, 
however, between high toxin concentrations in water 
samples with both relatively low temperature and 
high salinity.  This relationship presumably indicated 
a strong relationship of toxic Pseudo-nitzschia cells 
with denser, upwelled water, but generally not with 
periods of warmer (summer) or less saline (river 
discharge) water.  This linkage between surfacing of 
denser water and Pseudo-nitzschia bloom emergence 
within the Southern California Bight is in agreement 
with previous field studies along the Northern and 
central California coast that have associated pDA in 
surface waters with upwelling events (Trainer et al. 
2000, Kudela et al. 2005, Anderson et al. 2006, Lane 
et al. 2010).  Studies also evidenced the role that 
mesoscale eddies play in the transport and concentra-
tion of toxic Pseudo-nitzschia along the California 
shelf (Anderson et al. 2006, Trainer et al. 2009).  
How small-scale eddies that form within the San 
Pedro Channel (DiGiacomo and Holt 2001) impact 
Pseudo-nitzschia dynamics in the Los Angeles area 
remains to be determined.
	 A general relationship between upwelling events 
along the coast in our study area and the presence 
of DA was indicated by our results, but the exact 
nature of the relationship was not fully resolved by 
the present study.  Several explanations are possible, 
one being that specific macro- or micronutrients are 
supplied from deep water during upwelling events 
that specifically and uniquely favor the growth of 
Pseudo-nitzschia spp. and within this group P. aus-
tralis as one of the most potent species (Trainer et al. 
2009).  Similarities in the absolute concentrations of 
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macronutrients (PO4
3-, NO3

-+ NO2
2-, Si(OH)4) during 

years with toxic and non-toxic blooms do not appear 
to support this contention, although some organic 
nutrients (e.g., urea) and micronutrients (trace metals, 
vitamins) that might play a role in establishing 
community composition were not measured in this 
study.  Moreover, significant correlations between 
nutrient ratios and pDA were observed for some 
subsets of the overall dataset, suggesting that very 
subtle changes in environmental conditions may 
stimulate toxin production.  Alternatively, there is 
growing evidence that Pseudo-nitzschia populations 
occur in subsurface phytoplankton maxima within 
our study region, and these populations rise into the 
surface waters during upwelling events providing 
‘seed populations’ to initiate toxic blooms (Noble et 
al. 2009; Seegers, Los Angeles, pers. comm.).  Given 
this notion, strong river discharge in early 2005 
could have delayed such seeding(s) resulting in a 
phytoplankton (and Pseudo-nitzschia) assemblage 
that differed strongly from both subsequent years.  
Gaining a better understanding of these cause-effect 
relationships will be essential as field programs for 
harmful algal blooms (HABs) are typically restricted 
to monitoring algal abundance changes and commen-
surate physiochemical conditions in surface waters.  
The continued and increased deployment of remote 
sensing technology (i.e., Autonomous Underwater 
Vehicles) has begun to provide high spatial and 
temporal scale data to close this knowledge gap (e.g., 
Smith et al. 2010).  Most significantly, perhaps, our 
study did not indicate a direct link between river 
discharge during episodic winter rain events and the 
stimulation of toxic blooms of Pseudo-nitzschia spp. 
following the runoff events.  This finding was some-
what surprising given that these buoyant discharges 
can contribute significantly to nutrient enrichment of 
surface waters and stratification of the water column 
in coastal waters, and given the growing recognition 
of a general relationship between coastal eutrophica-
tion and harmful algal blooms globally (Glibert et al. 
2005).  We speculate that ratios of macronutrients (or 
perhaps micronutrient availability) within the plume 
of river water acted to stimulate species of phyto-
plankton other than Pseudo-nitzschia spp. during 
our study.  Whether this relationship is unique to this 
study region, or to the period over which our surveys 
were conducted, is difficult to decipher until a longer 
time-series of measurements can be examined.

Literature Cited
Anderson, C.R., M.A. Brzezinski, L. Washburn and 
R. Kudela.  2006.  Circulation and environmental 
conditions during a toxigenic Pseudo-nitzschia aus-
tralis bloom in the Santa Barbara channel, California.  
Marine Ecology Progress Series 327:119-133.

Anderson, C.R., D.A. Siegel, R.M. Kudela and M.A. 
Brzezinski.  2009.  Empirical models of toxigenic 
Pseudo-nitzschia blooms: Potential use as a remote 
detection tool in the Santa Barbara channel.  Harmful 
Algae 8:478-492.

Anderson, D.M., J.M. Burkholder, W.P. Cochlan, 
P.M. Glibert, C.J. Gobler, C.A. Heil, R. Kudela, M.L. 
Parsons, J.E.J. Rensel, D.W. Townsend, V.L. Trainer 
and G.A. Vargo.  2008.  Harmful algal blooms and 
eutrophication: Examining linkages from selected 
coastal regions of the United States.  Harmful Algae 
8:39-53.

Bates, S.S., C.J. Bird, A.S.W. de Frietas, R. 
Foxall, M. Gilgan, L.A. Hanic, G.R. Johnson, 
A.W. McCullock, P. Odense, R. Pocklington, 
M.A. Quilliam, P.G. Sim, J.C. Smith, D.V. Subba 
Rao, E.C.D. Todd, J.A. Walter and J.L.C. Wright.  
1989.  Pennate diatom Nitzschia pungens as the 
primary source of domoic acid, a toxin in shellfish 
from eastern Prince Edwards Island, Canada.  
Canadian Journal of Fisheries and Aquatic Sciences 
46:1203-1215.

Bates, S.S., D.J. Douglas, G.J. Doucette and C. 
Léger.  1995.  Enhancement of domoic acid produc-
tion by reintroducing bacteria to axenic cultures of 
the diatom Pseudo-nitzschia multiseries.  Natural 
Toxins 3:428-435.

Bauer, M.  2006.  HARR-HD: Harmful Algal 
Research and Response: A Human Dimensions 
Strategy.  National Office for Marine Biotoxins and 
Harmful Algal Blooms, Woods Hole Oceanographic 
Institution.  Woods Hole, MA.

Bejarano, A.C., F.M. VanDolah, F. M., Gulland, T.K. 
Rowles and L.H. Schwacke.  2008.  Production and 
toxicity of the marine biotoxin domoic acid and its 
effects on wildlife: A review.  Human Ecological Risk 
Assessment 14:544-567.

Casteleyn, G., V.A. Chepurnov, F. Leliaert, D.G. 
Mann, S.S. Bates, N. Lundholm, L. Rhodes, K. 
Sabbe and W. Vyverman.  2008.  Pseudo-nitzschia 



Coastal upwelling and Pseudo-nitzschia blooms in Los Angeles coastal waters, 2005 - 2007  -  270

pungens (Bacillariophyceae): A cosmopolitan diatom 
species.  Harmful Algae 7:241-257. 

Cochlan, W.P., J. Herndon and R.M. Kudela.  
2008.  Inorganic and organic nitrogen uptake by 
the toxigenic diatom Pseudo-nitzschia australis 
(Bacillariophyceae).  Harmful Algae 8:111-118.

Costa, P.R. and S. Garrido.  2004.  Domoic acid 
accumulation in the sardine Sardina pilchardus and 
its relationship to Pseudo-nitzschia diatom ingestion.  
Marine Ecology Progress Series 284:261-268.

Digiacomo, P. M. and B. Holt.  2001.  Satellite 
observations of small coastal ocean eddies in the 
Southern California Bight.  Journal of Geophysical 
Research 106:22521-22543.

Fehling, J., K. Davidson, C.J. Bolch and S.S. 
Bates.  2004.  Growth and domoic acid production 
by Pseudo-nitzschia seriata (Bacillariophyceae) 
under phosphate and silicate limitation.  Journal of 
Phycology 40:674-683.

Glibert, P. M., S. Seitzinger, C.A. Heil, J.M. 
Burkholder, M.W. Parrow, L.A. Codispoti and V. 
Kelly.  2005.  Eutrophication - new perspectives on 
its role in the global proliferation of harmful algal 
blooms.  Oceanography 18:198-209.

Gordon, L.I., J.C. Jennings, A.A. Ross and J.M. 
Krest.  1993.  A Suggested Protocol for Continuous 
Flow Automated Analysis of Seawater Nutrients 
(Phosphate, Nitrate, Nitrite and Silicic Acid) in the 
WOCE Hydrographic Program and the Joint Global 
Ocean Fluxes Study.  Technical Report 93-1. WOCE 
Hydrographic Program Office, Methods Manual 
WHPO 91-1.  Oregon State University, College of 
Oceanic and Atmospheric Sciences.  Corvallis, OR.

Gulland, E.M.D., M. Haulena, D. Fauquier, M.E. 
Lander, T. Zabka, R. Duerr and G. Langlois.  2002.  
Domoic acid toxicity in Californian sea lions 
(Zalophus californianus): Clinical signs, treatment 
and survival.  Veterinary Record 150:475-480.

HARRNESS.  2005.  Harmful Algal Research 
and Response: A National Environmental Science 
Strategy: 2005-2015.  J.S. Ramsdell, D.M. Anderson 
and P.M. Glibert (eds.).  Ecological Society of 
America.  Washington, DC.

Hasle, G.R.  2002.  Are most of the domoic acid-pro-
ducing species of the diatom genus Pseudonitzschia 
cosmopolites?  Harmful Algae 1:137-146.

Heisler, J., P.M. Glibert, J.M. Burkholder, D.M. 
Anderson and W. Cochlan.  2008.  Eutrophication 
and harmful algal blooms: A scientific consensus.  
Harmful Algae 8:3-13.

Horner, R.A., D.L. Garrison and F.G. Plumley.  1997.  
Harmful algal blooms and red tide problems on the 
U.S. West coast.  Limnology and Oceanography 
42:1076-1088.

Howard, M.D.A., W.P. Cochlan, N. Ladizinsky and 
R.M. Kudela.  2007.  Nitrogenous preference of toxi-
genic Pseudo-nitzschia australis (Bacillariophyceae) 
from field and laboratory experiments.  Harmful 
Algae 6:206-217.

Kaczmarska, I., J.M. Ehrman, S.S. Bates, D.H. 
Green, C. Léger and J. Harris.  2005.  Diversity and 
distribution of epibiotic bacteria on Pseudo-nitzschia 
multiseries (Bacillariophyceae) in culture, and 
comparison with those on diatoms in native seawater.  
Harmful Algae 4:725-741.

Krogstad, F.T.O., W.G. Griffith, E.M. Vigoren and 
E.M. Faustman.  2009.  Re-evaluating blue mussel 
depuration rates in dynamics of the phycotoxin 
domoic acid: Accumulation and excretion in two 
commercially important bivalves.  Journal of Applied 
Phycology 21:745-746.

Kudela, R., G. Pitcher, T. Probyn, F. Figueiras, T. 
Moita and V. Trainer.  2005.  Harmful algal blooms 
in coastal upwelling systems.  Oceanography 
18:184-187.

Kudela, R.W., W. Chochlan and A. Roberts.  2004.  
Spatial and temporal patterns of Pseudonitzschia spp. 
in central California related to regional oceanography.   
pp. 347-349 in: K.A. Steidinger, J.H. Landsberg, 
J.H. Tomas and G.A. Vargo (eds.), Harmful 
Algae 2002.  Florida and Wildlife Conservation 
Commission, Florida Institute of Oceanography, and 
Intergovernmental Oceanographic Commission of 
UNESCO.  Paris, France.

Lane, J.Q., C.M. Roddam, G.W. Langlois and 
R.M. Kudela.  2010.  Application of Solid Phase 
Adsorption Toxin Tracking (SPATT) for field detec-
tion of the hydrophilic phycotoxins domoic acid 
and saxitoxin in coastal California.  Limnology and 
Oceanography: Methods 8:645-660.

Lefebvre, K.A., M.W. Silver, S.L. Coale and R.S. 
Tjerdema.  2002.  Domoic acid in planktivorous fish 



Coastal upwelling and Pseudo-nitzschia blooms in Los Angeles coastal waters, 2005 - 2007  -  271

in relation to toxic Pseudo-nitzschia cell densities.  
Marine Biology 140:625-631.

Lelong, A., H. Hégaret, P. Soudant and S.S. Bates.  
2012.  Pseudo-nitzschia (Bacillariophyceae) spe-
cies, domoic acid and amnesic shellfish poisoning: 
Revisiting previous paradigms.  Phycologia, 
51:168-216.

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

Noble, M., B. Jones, P. Hamilton, J. Xu, G. 
Robertson, L. Rosenfeld and J. Largier.  2009.  
Cross-shelf transport into nearshore waters due 
to shoaling internal tides in San Pedro Bay, CA.  
Continental Shelf Research 29:1768-1785.

Pan, Y., D.V. Subba Rao, K.H. Mann, R.G. Brown 
and R. Pocklington.  1996a.  Effects of silicate limita-
tion on production of domoic acid, a neurotoxin, by 
the diatom Pseudo-nitzschia multiseries. I. Batch 
culture studies.  Marine Ecology Progress Series 
131:225-233.

Pan, Y., D.V. Subba Rao and K.H. Mann.  1996b.  
Changes in domoic acid production and cellular 
chemical composition of the toxigenic diatom 
Pseudo-nitzschia multiseries under phosphate limita-
tion.  Journal of Phycology 32:371-381.

Parsons, M.L., Q. Dortch and R.E. Turner.  2002.  
Sedimentological evidence of an increase in 
Pseudo-nitzschia (Bacillariophyceae) abundance in 
response to coastal eutrophication.  Limnology and 
Oceanography 47:551-558.

Parsons, T.R., Y. Maita and C.M. Lalli.  1984.  A 
Manual of Chemical and Biological Methods for 
Seawater Analysis.  Pergamon Press.  Oxford, UK.

Rue, E.L. and K.W. Bruland.  2001.  Domoic acid 
binds iron and copper: A possible role for the toxin 
produced by the marine diatom Pseudo-nitzschia.  
Marine Chemistry 76:127-134.

Schiff, K.C., S.M. Bay, M.J. Allen and E.Y. Zeng.  
2000.  Southern California. Marine Pollution Bulletin 
41:76-93.

Schnetzer, A., P.E. Miller, R.A. Schaffner, B.A. 
Stauffer, B.H. Jones, S.B. Weisbrg, P.M. DiGiacomo, 
W.M. Berelson and D.A. Caron.  2007.  Blooms of 
Pseudo-nitzschia and domoic acid in the San Pedro 
channel and Los Angeles harbor areas of the southern 
California Bight, 2003 -2004.  Harmful Algae 
6:372-387.

Scholin, C.A., F. Gulland, G.J. Doucette, S. Benson, 
M. Busman, F.P. Chavez, J. Cordaro, R. DeLong, A. 
DeVogelaere, J. Harvey, M. Haulena, K. Lefebvre, T. 
Lipscomb, S. Loscutoff, L.J. Lowenstine, R. Marin 
3rd, P.E. Miller, W.A. McLellan, P.D. Moeller, C.L. 
Powell, T.Rowles, P. Silvagni, M. Silver, T. Spraker, 
V. Trainer and F.M. VanDolah.  2000.  Mortality of 
sea lions along the central California coast linked to a 
toxic diatom bloom.  Nature 403:80-84.

Sekula-Wood, E., A. Schnetzer, C.R. Benitez-Nelson, 
C. Anderson, W.M. Berelson, M.A. Brzezinski, 
J.M. Burns, D.A. Caron, I. Cetinic, J.L. Ferry, E. 
Fitzpatrick, B.H. Jones, P.E. Miller, S.L. Morton, 
R.A. Schaffner, D.A. Siegel and R. Thunell.  2009.  
Rapid downward transport of the neurotoxin domoic 
acid in coastal waters.  Nature Geoscience 2:272-275.

Silver, M.W., S. Bargu, S.L. Coale, C.R. Benitez-
Nelson, A.C. Garcia, K.J. Roberts, E. Sekula-Wood, 
K.W. Bruland and K.H. Coale.  2010.  Toxic diatoms 
and domoic acid in natural and iron enriched waters 
of the oceanic pacific.  Proceedings of the National 
Academy of Sciences 107:20762-20767.

Smith, R.N., J. Das, H. Heidarsson, A. Pereira, I. 
Cetinic, L. Darjany, M.-E. Garneau, M.D. Howard, 
C. Oberg, M. Ragan, A. Schnetzer, E. Seubert, 
E.C. Smith, B.A. Stauffer, G. Toro-Farmer, D.A. 
Caron, B.H. Jones and G.S. Sukhatme.  2010.  USC 
CINAPS builds bridges: Observing and monitoring 
the Southern California Bight.  IEEE Robotics and 
Automation Magazine 17:20-30.

Statsoft.  2002.  Statistica for Windows. Statistica 
6.1. edition.  StatSoft, Inc.  Tulsa, OK.

Stauffer, B.A., A.G. Gellene, A. Schnetzer, E.L. 
Seubert, C. Oberg, G.S. Sukhatme and D.A. Caron.  
2012.  An oceanographic, meteorological and 
biological ‘perfect storm’ yields a massive fish kill.  
Marine Ecology Progress Series 468:231-243.

Tatters, A.O., F.-X. Fu and D.A. Hutchins.  2012.  
High CO2 and silicate limitation synergistically 



Coastal upwelling and Pseudo-nitzschia blooms in Los Angeles coastal waters, 2005 - 2007  -  272

increase the toxicity of Pseudo-nitzschia fraudulenta.  
PLOS One 7:e32116.

Thessen, A.E., H.A. Bowers and D.K. Stoecker.  
2009.  Intra- and interspecies differences in growth 
and toxicity of Pseudo-nitzschia while using different 
nitrogen sources.  Harmful Algae 8:792-810.

Trainer, V.L., N.G. Adams, B.D. Bill, C.M. Stehr, 
J.C. Wekell, P. Moeller, M. Busman and D. Woodruff.  
2000.  Domoic acid production near California 
coastal upwelling zones, June 1998.  Limnology and 
Oceanography 45:1818-1833.

Trainer, V.L., S.S.  Bates, N. Lundholm, A.E. 
Thessen, W.P. Cochlan, N.G. Adams and C.G. Trick.  
2012.  Pseudo-nitzschia physiological ecology, 
phylogeny, toxicity, monitoring and impacts on 
ecosystem health.  Harmful Algae 14:271-300.

Trainer, V.L., B.M. Hickey, E.J. Lessard, W.P. 
Cochlan, C.G. Trick, M.L. Wells, A. MacFadyen and 
S.K. Moore.  2009.  Variability of Pseudo-nitzschia 
and domoic acid in the Juan de Fuca eddy region and 
its adjacent shelves.  Limnology and Oceanography 
54:289-308.

Utermöhl, H.  1958.  Zur Vervollkommung der 
quantitativen Phytoplankton Methodik.  Journal of 
International Association of Theoretical & Applied 
Limnology 9:1-38.

Venrick, E.L.  1998.  The phytoplankton of the Santa 
Barbara Basin: Patterns of chlorophyll and species 
structure and their relationship with those of sur-
rounding stations.  California Cooperative Oceanic 
Fisheries Investigations Reports 39:124-132.

Washburn, L., K.A. Mcclure, B.H. Jones and 
S.M. Bay.  2003.  Spatial scales and evolution of 
stormwater plumes in Santa Monica Bay.  Marine 
Environmental Research 56:103-125.

Wells, M.L., C.G. Trick, W.P. Cochlan, M.P. 
Hughes and V.L. Trainer.  2005.  Domoic acid: The 
synergy of iron, copper, and the toxicity of diatoms.  
Limnology and Oceanography 50:1908-1917.

Work, T.M., B. Barr, A.M. Beale, L. Fritz, M.A. 
Quilliam and J.L.C. Wright.  1993.  Epidemiology 
of domoic acid poisoning in brown pelicans 
(Pelecanus occidentalis) and Brandt’s cormorants 
(Phalacrocorax penicillatus) in California.  Journal 
of Zoo and Wildlife Medicine 24:54-62.

Wright, J.L.C., R.K. Boyd, A.S.W. de Frietas, M. 
Falk, R.A. Foxall, W.D. Jamieson, M.V. Laycock, 
a.W. McCulloch, A.G. McInnes, 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 and 
D. Dewar.  1989.  Identification of domoic acid, a 
neuroexcitatory amino acid, in toxic mussels from 
eastern Prince Edward Island.  Canadian Journal of 
Chemistry 67:481-490.

Acknowledgements
	 This research was supported by grants from 
NOAA (MERHAB NA05NO54781228 and Sea 
Grant NA06OAR4170012) awarded to DC and AS 
and EPA (RD-83170501) awarded to DC. We thank 
the Wrigley Institute for Environmental Studies 
of USC for providing assistance with some of the 
sampling. Microscopical counts were conducted by 
G. Song. Hans Kleivdal (Biosense) provided support 
with ELISA assays. Troy Gunderson processed 
salinity samples and Zhihong Zheng processed the 
nutrient samples. Thank you to Bridget Seegers and 
the anonymous reviewers for helpful comments on 
the manuscript. 


