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Abstract

Blooms of the marine diatom genus Pseudo-nitzschia that produce the neurotoxin domoic acid have
been documented with regularity along the coast of southern California since 2003, with the
occurrence of the toxin in shellfish tissue predating information on domoic acid in the particulate
fraction in this region. Domoic acid concentrations in the phytoplankton inhabiting waters off
southern California during 2003, 2006, 2007, 2011 and 2017 were comparable to some of the
highest values that have been recorded in the literature. Blooms of Pseudo-nitzschia have exhibited
strong seasonality, with toxin appearing predominantly in the spring. Year-to-year variability of
particulate toxin has been considerable, and observations during 2003, 2006, 2007, 2011 and again
in 2017 linked domoic acid in the diets of marine mammals and seabirds to mass mortality events
among these animals. This work reviews information collected during the past 15 years
documenting the phenology and magnitude of Pseudo-nitzschia abundances and domoic acid within
the Southern California Bight. The general oceanographic factors leading to blooms of Pseudo-
nitzschia and outbreaks of domoic acid in this region are clear, but subtle factors controlling spatial

and interannual variability in bloom magnitude and toxin production remain elusive.
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1. Introduction

The Southern California Bight (SCB) is a major portion of the western boundary of North
America and the U.S. west coast. The feature is generally defined as an approximately 700 km
coastline extending from Point Conception, California south to beyond the U.S. border (Figure
1)(Hickey, 1992). The physical oceanography of the Bight is complex, and is distinct from the
coastal ocean to the north of Point Conception, and the California Current to the west; yet, this
region shares a degree of continuity with, and influence from these features. The Channel Islands
throughout the Bight act to buffer the southern California coast from much of the direct impact of
the otherwise oceanic California Current, as well as moderate meteorological effects along the
coast. The curved orientation of the SCB, compared to the north-south trending coastline of the rest
of the west coast, also acts to buffer the southern coast of California to prevailing winds.

A Mediterranean-type climate dominates throughout the SCB. Annual average daily highs in air
temperatures in the Los Angeles area are ~20-26°C, while annual sea surface temperatures generally
range ~14-21°C. Wind events, rainfall and river discharges are highly seasonal. The majority of the
rainfall in the region occurs during winter months, and strong wind and upwelling events are
dominant during winter and spring. Within seasons, these events are episodic and short-lived,
generally lasting a few days. Average annual rainfall in the region is historically low (< 40 cm) but
interannual variability in rainfall can be great. An ‘extreme-to-exceptional” drought during 2012-
2016 was followed by the highest average rainfall in the state in 122 years during the winter of
2016-2017 (http://www.latimes.com/local/lanow/la-me-g-california-drought-map-
htmlstory.html)(Griffin and Anchukaitis, 2014).

The SCB is a coastal ocean region of extensive economic, environmental and cultural
importance as well as increasing human impact. The population of the Los Angeles-Long Beach
area alone was estimated at >18 million people in 2015 (Annual Estimates of the Resident
Population: April 1, 2010 to July 1, 2015; Source: U.S. Census Bureau, Population Division;
Release Date: March 2016). Beach visitations in the SCB a decade ago averaged approximately 129
million per year (Dwight et al., 2007), and have almost certainly increased concurrently with the
population over the last decade. Coastal property development throughout most of the region is
extensive, as are commercial and other activities. The ports of Los Angeles and Long Beach are the

two busiest ports in the U.S. and together handle over 400 billion USD in trade annually
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(http://labusinessjournal.com/news/2017/jul/17/june-imports-surge-l-long-beach-ports/).
Additionally, some coastal areas in the SCB have significant agricultural activities.

Nutrient loading within the SCB differs greatly throughout the region and these differences
have potentially important impacts on algal blooms. Land use varies significantly within the SCB,
from largely undeveloped land (e.g. from San Clemente to Oceanside, San Diego County) to areas
draining a mixture of agricultural and urban landscape (e.g. Ventura County) to highly urbanized
regions (Los Angeles and Orange Counties). This mosaic of land use results in variability in the
magnitude and type of nutrient loading to the coastal ocean, but anthropogenic nutrients appear to
constitute significant sources of growth-stimulating nutrients for coastal phytoplankton in some
regions (Howard et al., 2014; Kudela et al., 2008; Reifel et al., 2013). Recent studies suggest these
inputs may have ramifications for the resilience of coastal ecosystems (Capone and Hutchins, 2013)
and have significantly affected near-shore waters in these urban areas. For example, Howard et al.
(2014) reported that wastewater discharge from Publicly Owned Treatment Works (POTW) in
highly urbanized areas of the SCB contributed similar amounts of nitrogen to nearshore coastal
ecosystems as wind-driven upwelling events, which was the most significant source of nitrogen.
Additionally, nitrification of ammonium from wastewater effluent has been shown to provide a
significant source of nitrogen utilized by the biological community (McLaughlin et al., 2017).
Increased anthropogenic input to ocean ecosystems is not unique to the SCB or the impact of
POTW, but rather appears to be a growing problem globally (Ren et al., 2017). The full impact of
increased anthropogenic input on phytoplankton communities in the Bight has been difficult to
characterize because there are no phytoplankton biomass data that predate POTW discharges in the
region. The findings of Howard et al. (2014) and McLaughlin et al. (2017) along the southern
California coast are consistent with the observations of Nezlin et al. (2012) that algal bloom ‘hot
spots’ along the coast were co-located with POTW outfalls. Additionally, on small spatial scales,
wastewater effluent and terrestrial runoff have been shown to increase phytoplankton biomass and
affect patterns of phytoplankton productivity and community composition (Corcoran et al., 2010;
Reifel et al., 2013). Furthermore, studies in the SCB have concluded that patterns of chlorophyll
variability and productivity in the nearshore coastal waters are not always attributed to classical

coastal upwelling (Corcoran et al., 2010; Kim et al., 2009; Nezlin et al., 2012).

2. Pseudo-nitzschia blooms and domoic acid along the west coast of North America.
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The west coast of North America has been the site of a few well-documented harmful algal
bloom (HAB) issues, as well as some emerging ones (Lewitus et al., 2012). These issues include a
long history of paralytic shellfish poisoning (PSP; caused by saxitoxin contamination) along the
northwestern U.S. coast and Canada dating to the 1700s, while outbreaks of amnesic shellfish
poisoning (ASP; caused by domoic acid) have only been documented more recently along the west
coast. Considerable environmental and seafood monitoring has been, and continues to be conducted
along the western coast of North America due to the threat that these toxins pose to human and
animal health.

Extensive field studies to understand the environmental factors leading to Pseudo-nitzschia
blooms and domoic acid events along the northern sector of the west coast have been conducted off
Washington state (Trainer et al., 2007; Trainer et al., 2003), and to a lesser extent off Oregon (Du et
al., 2016; McKibben et al., 2015) during the past few decades. Studies in coastal waters off
Washington have characterized the Juan de Fuca eddy, located offshore from the mouth of the Juan
de Fuca Straight, as a ‘hot spot’ for the development of toxic Pseudo-nitzschia blooms (Trainer et
al., 2002; Trainer et al., 2009). Contamination of beaches and inlets along the Olympic Peninsula of
Washington and Vancouver Island, British Columbia results when toxic waters from the eddy are
transported onshore by prevailing weather and oceanographic conditions (Trainer et al., 2009).

Mexican coastal waters south of California have been less well-characterized with respect to
Pseudo-nitzschia blooms and toxic events attributable to domoic acid, in contrast to findings along
the U.S. and Canadian coasts. Multiple Pseudo-nitzschia species, including some toxic ones, have
been reported from the coast of Baja California (Garcia-Mendoza et al., 2009; Hernandez-Becerril,
1998), and at least one published report to date has linked an animal mortality event in the region to
the toxin (Sierra Beltran et al., 1997).

Phytoplankton blooms along the coast of California have historically included a number of
potentially harmful algae, including toxin-producing diatom species within the genus Pseudo-
nitzschia (Buck et al., 1992; Fryxell et al., 1997; Lange et al., 1994). Other harmful species known
to live along the California coast include numerous dinoflagellates (Lingulodinium polyedrum
(Howard et al., 2008; Torrey, 1902), Akashiwo sanguinea (Jessup et al., 2009), Prorocentrum
micans (Gregorio and Pieper, 2000), Cochlodinium fulvescens (Howard et al., 2012; Kudela and

Gobler, 2012), Alexandrium catenella (Garneau et al., 2011; Jester et al., 2009) and Dinophysis
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spp.), and the raphidophytes Heterosigma akashiwo, Chattonella marina and Fibrocapsa japonica
(Caron et al., 2010; Gregorio and Connell, 2000; Herndon et al., 2003; O’Halloran et al., 2006).

Paralytic shellfish poisoning along the California coast has been a long-standing health concern
(Meyer et al., 1928), as it has farther north along the California coastline and in the Pacific
Northwest (PNW); however, awareness of toxic events attributable to domoic acid is a more recent
concern that has been documented along the California coast only within the last two decades. A
seabird mortality event caused by domoic acid poisoning along the California coast was first linked
to a Pseudo-nitzschia bloom in 1991 off central California (Work et al., 1993), and subsequently to
a marine mammal mass mortality event in that region (Scholin et al., 2000). Circumstantial
evidence exists that toxic Pseudo-nitzschia blooms, and mass mortality events resulting from these
blooms, may have occurred for years prior to that date in and around Monterey Bay (Buck et al.,
1992; Fritz et al., 1992; Greig et al., 2005; Walz et al., 1994). Kudela et al. (2003) identified four
major blooms of Pseudo-nitzschia off central California during 1991, 1998, 2000, and 2002.
Regardless of its role prior to the 1990s, domoic acid poisoning has been documented since then as
a recurring threat along the entire coastline of California. Data collected by the California
Department of Public Health indicate that domoic acid has been detected in shellfish tissue in
virtually all years from 2003 to 2016, although the magnitude and geographic extent of the toxin has
varied considerably by year and county (Figure 2). In particular, counties in central California
(north of the SCB) and the northern counties within the SCB (Santa Barbara and Ventura counties)
have experienced the highest concentrations and most frequent occurrences of domoic acid

contamination of shellfish (Figure 2B,C).

3. Pseudo-nitzschia blooms and domoic acid in the Southern California Bight.

Reports implicating toxic Pseudo-nitzschia blooms in large mortality events for seabirds and
marine mammals off central California (Scholin et al., 2000; Work et al., 1993) and seabirds off
Baja California (Sierra Beltran et al., 1997) during the 1990s were followed by an unusual marine
mammal mortality event in the SCB during 2002 that was eventually attributed to domoic acid
poisoning (Torres de la Riva et al., 2009). These reports linked domoic acid in the particulate
fraction of the plankton to animal mortality events, but they were by no means the first

documentation of Pseudo-nitzschia blooms in the region. Lange et al. (1994) analyzed historical
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data of phytoplankton communities collected off Scripps Pier in La Jolla, located in San Diego
County. Lange et al. (1994) reported high abundances of ‘Nitzschia seriata’ (later recognized as a
member of the genus Pseudo-nitzschia) present in the plankton throughout the 1930s, and
sporadically through subsequent years, although no toxic episodes attributable to these diatoms
were documented. Species of ‘Nitzschia’ were also a common occurrence in Monterey Bay decades
before toxin events there were attributed to this diatom group (Bolin and Abbott, 1962). An analysis
of Pseudo-nitzschia frustules and domoic acid in a collection of sediment trap samples from the
Santa Barbara Channel dating to 1993 also demonstrated that the toxin was present in the region
prior to the 2002 toxic event (Sekula-Wood et al., 2011). Barron et al. (2010) reported on analyses
of sediment cores that revealed increased abundances of P. australis in the Santa Barbara Basin

beginning around 1985.

3.1 Interannual variability in domoic acid in the SCB since 2002

Several studies since the 2002 mortality event have documented the presence and concentrations
of particulate domoic acid in coastal waters of the Southern California Bight. A summary of that
information (=4,500 measurements) indicates that domoic acid was present in all years, although
there was significant year-to-year variability in maximal particulate concentrations observed (Figure
3, Supplemental Figure 1), as well as considerable spatial variability in the distribution of toxin in
shellfish samples along the length of the SCB coastline (Figure 2C,D). Domoic acid was
documented throughout the Bight in 2003, undoubtedly a result of the increased awareness and
monitoring efforts following the 2002 mortality event. High concentrations (>10 pg L™) particulate
domoic acid were observed during spring 2003 in the San Pedro Basin around and within the mouth
of Los Angeles Harbor (Schnetzer et al., 2007), with lower concentrations documented to the north
in the Santa Barbara Channel (Anderson et al., 2006) and to the south off San Diego (Busse et al.,
2006).

In contrast to 2002 and 2003, relatively low concentrations of particulate domoic acid (generally
<2 pg L) were observed Bight-wide during 2004 for those regions that were studied (Anderson et
al., 2009; Busse et al., 2006; Schnetzer et al., 2007). Domoic acid concentrations were also
generally low during 2005 in most of the Southern California Bight. Coincidentally, a massive

summer-fall bloom of the dinoflagellate, Lingulodinium polyedrum occurred along the entire
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coastline of the SCB during 2005 (Howard et al., 2008). Only the Santa Barbara Channel exhibited
significant concentrations of particulate domoic acid during that year, with two exceptionally high
values for the SCB, ~18 and ~50 pg L™ observed (Anderson et al., 2009). Toxin concentrations in
Santa Monica Bay and the San Pedro Basin were generally extremely low or below the limit of
detection (0.01 pg L™ or 0.02 pg L™, depending on methodology) for the methods used at that time
(Anderson et al., 2009; Schnetzer et al., 2013; Shipe et al., 2008).

Substantial amounts of particulate toxin reappeared during 2006 and 2007 in both the Santa
Barbara Channel and the San Pedro Basin (Anderson et al., 2009; Schnetzer et al., 2013), and
massive mortality/stranding events involving large numbers of marine mammals and seabirds were
associated with the appearance of particulate domoic acid during both years in the SCB (see Section
5 below). The years between 2008 and 2016 did not experience toxin-related mortality events of the
magnitude observed during 2006 and 2007, but measurable quantities of domoic acid occurred in all
years through 2013 (Figure 3), and animal mortalities attributable to the toxin were recorded.

Concentrations of particulate domoic acid during the following three years (2014-2016)
remained remarkably and consistently low, given the constancy with which the toxin occurred
during the previous decade (Figure 3), and given the unprecedented Pseudo-nitzschia bloom and
domoic acid event that occurred during 2015 along the west coast of North America from just north
of the Southern California Bight to Alaska (McCabe et al., 2016; Ryan et al., 2017). Interestingly,
2014-2016 corresponded to an unprecedented drought across southern California and much of the
southwestern U.S. (Flint et al., 2018). Particulate domoic acid concentrations of the Southern
California Bight returned to substantial levels during spring 2017 (>5 ug L) within both southern
and northern regions (Figure 3). The bloom resulted in significant marine mammal and seabird
mortality events whose impacts are still being investigated.

An ongoing weekly plankton-monitoring program established at several piers within the SCB in
2008 has provided uninterrupted documentation since that time of Pseudo-nitzschia abundances and
the occurrence of domoic acid (http://www.sccoos.org/data/habs/). This time-series, and a number
of ship-based studies conducted throughout the past decade, have documented substantial and
sporadically exceptional concentrations of particulate domoic acid in the SCB. The highest values
to date of particulate domoic acid in the Bight were reported during 2011 by Stauffer et al. (2012)
from a small number of samples collected in the central San Pedro Channel. A few of the values

exceeded 50 pug L™, rivaling some of the highest values of particulate domoic acid ever recorded
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from natural plankton communities. The bloom was very short-lived and was not implicated in
significant numbers of animal mortalities.

Shipboard studies during the past decade have also shed light on the complexity of Pseudo-
nitzschia blooms and domoic acid events in the region. Seegers et al. (2015) documented the
potential importance of subsurface populations of Pseudo-nitzschia during 2010, suggesting that
populations were maintained in the subsurface chlorophyll maxima. The authors reported results
indicating a role for these subsurface populations of Pseudo-nitzschia along the San Pedro Shelf
(Figure 1) in ‘seeding’ surface blooms during coastal upwelling events. Advection of subsurface
populations may also contribute to rapid increases in domoic acid concentrations during these
events as toxin-producing cells are upwelled into surface waters (see Section 3.3 below). Most
recently, Smith et al. (2018) conducted extensive sampling on and off the San Pedro Shelf near the
city of Newport Beach during 2013 and 2014. Similar bloom abundances of Pseudo-nitzschia cells
were observed in both years during that study, yet particulate domoic acid concentrations in the two
years differed by two orders of magnitude. The authors presented evidence that differences in
species/strain composition among potential bloom-forming Pseudo-nitzschia species was an
important determinant of particulate domoic acid concentrations during the spring along the San
Pedro Shelf.

Analyses of these time-series and shipboard datasets, and others from Santa Monica Bay and the
San Pedro Shelf (Anderson et al., 2011; Anderson et al., 2009; Schnetzer et al., 2013; Schnetzer et
al., 2007; Seubert et al., 2013; Smith et al., 2018) have yielded only weak correlations between
physical-chemical parameters or chlorophyll, and the abundances of Pseudo-nitzschia and domoic
acid concentration (see Section 4 below). Thus, the specific factors that might preferentially
stimulate the growth of toxic Pseudo-nitzschia species that occur in the region remain enigmatic. A
variety of species in this genus have been identified (or implicated) in the appearance of domoic
acid in the particulate fraction of the plankton and marine food webs in the Southern California
Bight during the past 15 years. These include P. australis, P. pungens, P. multiseries and P.
pseudodelicatissima (Horner et al., 1997), although P. australis has been implicated most often in
major toxic events. Nevertheless, it appears that toxic events in the region may be attributable to a
number of toxic species rather than a single reoccurring species, and the specific factors leading to
the growth of these different species are poorly understood. Such mixed assemblages of Pseudo-

nitzschia appear to be the rule rather than the exception, and may explain the significant year-to-
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year variability in toxin concentrations that have been observed in multi-year monitoring datasets.
Similar findings (multiple Pseudo-nitzschia species and year-to-year variability in toxin
concentrations) have been reported from a decade of monitoring off New Zealand by Rhodes et al.
(2013).

3.2 Seasonality of domoic acid in the SCB

A synthesis of monthly averages and maxima for domoic acid concentration in shellfish tissue
along the entire coast of California during the past 15 years (Figure 4) indicates that domoic acid
has occurred in all seasons statewide, although highest averages and maximal tissue concentrations
tended to occur during spring and lowest values in winter (Figure 4A). The seasonal pattern for the
northern counties within the Southern California Bight (Santa Barbara and Ventura Counties)
exhibited an overall pattern for both monthly averages and maximal values of domoic acid in
shellfish tissue that were similar to the overall seasonal pattern statewide (Figure 4B). Monthly
averages in the northern counties of the SCB, however, were generally greater than averages
determined across the entire state, and the highest monthly maxima statewide tended to occur within
the northern counties of the SCB.

The seasonal pattern of domoic acid in shellfish tissue observed in Santa Barbara and Ventura
Counties was reflected in the monthly distribution of maximal particulate domoic acid
concentrations observed during each year since 2003 (numbers and colored arrows in Figure 4B).
Maximal particulate domoic acid concentrations for most years occurred during April for 7 of 15
annual maxima (Anderson et al., 2006) but maximal annual particulate domoic acid concentrations
also occurred at least once in all months except February, March, October, and December. Data for
particulate domoic acid concentrations (colored arrows in Figure 4) were based on ~4,500 data
points (the distribution of samples by month is shown in (Figure 2; Supplemental), and maximal
values for each month in the datasets from the northern and southern counties are given in Table
1(Supplemental).

In contrast, the seasonal occurrence of domoic acid in the particulate fraction of the plankton
and in shellfish tissue along the coast of the southern counties (Los Angeles, Orange, and San Diego
counties; Figure 4C) within the SCB during the past 15 years was strikingly different than the
statewide pattern, or the pattern observed in the northern counties of the SCB. First, the southern

10
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counties generally experienced substantially lower maximal concentrations of domoic acid in
shellfish tissue relative to the rest of the state, particularly compared to values observed in the
northern counties of the SCB (note different ranges on the Y axes in Figures 4A,B versus 4C).
Second, substantive values of shellfish contamination were largely associated with spring months in
the southern counties (March-May) indicating much stronger seasonality in the appearance of the
toxin along the coast of those counties.

Strong seasonality in the southern counties of the SCB is substantiated by examination of the
month in each year that experienced the maximal concentration of particulate domoic acid along the
coast of the southern counties (colored arrows in Figure 4C). Maximal particulate domoic acid was
observed in March, April or May in 13 of 15 years since 2003 in the southern counties of the SCB.
Only two years had maxima that occurred in other months, and those were years that experienced
relatively moderate or very low overall particulate domoic acid concentrations. A maximal value of
~2 nug L™ was observed in February 2004, and a maximal value of 0.05 pg L™ was observed in July
of 2016 in the southern counties (the latter year exhibited exceptionally low concentrations of
domoic acid throughout the SCB). These differences between the northern and southern counties of
the SCB in the timing of toxic blooms of Pseudo-nitzschia, and the magnitude and timing of the
appearance of toxin in shellfish, indicate somewhat different factors controlling toxic blooms of

diatoms in these two sub-regions of the Bight.
3.3 Anatomy of a domoic acid event in the SCB: the role(s) of upwelling

A close relationship between coastal upwelling events along the California coast and the
appearance of phytoplankton blooms, specifically blooms of Pseudo-nitzschia and the occurrence of
domoic acid, has been documented for many years (Brzezinski and Washburn, 2011; Lange et al.,
1994; Trainer et al., 2000). More than two decades ago Lange et al. (1994) documented a
correlation between the appearance of Pseudo-nitzschia off the coast of La Jolla and the intrusion of
cold, presumably upwelled water at the coast (albeit no major toxic episodes were reported in that
study). Blooms typically occurred between February and August, a seasonality that is consistent
with upwelling-favorable, down-coast winds peaking during winter-spring (Hickey, 1992; Nezlin et
al., 2012).

11
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Nutrient delivery to coastal surface waters via upwelling is believed to be an important stimulus
for Pseudo-nitzschia growth and toxin production along the entire U.S. west coast (Kudela et al.,
2010), although other sources of nutrients may also contribute. McPhee-Shaw et al. (2007)
compared the importance of upwelling, storm runoff and diurnal motions for the delivery of
nutrients to the nearshore community in the Santa Barbara Channel. Seasonally, storm runoff
contributed most significantly to nutrient loading during winter, diurnal motions contributed
strongly during the summer, but upwelling was the dominant source of nutrients between March
and May (i.e. coinciding with the timing of most domoic acid events in the SCB). Additionally,
attention in recent years has focused on the potential for anthropogenic nutrient sources to
contribute to coastal phytoplankton blooms in the SCB (Nezlin et al., 2012). As noted above
(Section 1), nutrients discharged by large POTW in the central Bight may contribute as much as
half of the annual nitrogen to coastal waters in the region, but those nutrient discharges are not
highly seasonal. Therefore, the recurrence of toxic blooms of Pseudo-nitzschia during the spring in
the SCB, as observed over the last 15 years, is consistent with nutrient loading due to upwelling as a
primary driver of toxic blooms of Pseudo-nitzschia in the region. The timing of these events has
been strongly linked to the timing of spring upwelling for the southern counties of the SCB (Figure
4C), as well as the northern counties, although the pattern has been less dramatic along the latter
coasts (Figure 4B).

The classical pattern emerging from plankton studies within the region implicates nutrient
delivery into surface waters via upwelling during the spring when other conditions are concurrently
favorable for phytoplankton growth (Nezlin et al., 2012; Schnetzer et al., 2013; Smith et al., 2018).
Rapid decreases in surface water temperature at moored buoys or at pier monitoring stations along
the coast of the SCB have recorded the transport of deep, nutrient-rich waters to the ocean surface
(Figure 5). Pulses of upwelled water, followed by periods of wind relaxation, typically result in
rapid population growth of the endemic phytoplankton assemblage, including Pseudo-nitzschia cells
if present. Given sufficient ‘seed’ populations and time for growth, the response of toxin-producing
species of Pseudo-nitzschia can result in substantial toxic events 1-2 weeks following the upwelling
event (Figure 5B). Seubert et al. (2013) noted this temporal progression at the Newport Beach Pier
in Orange County, where a significant relationship was observed between elevated Pseudo-nitzschia

abundances two weeks after upwelling events.

12
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A general relationship between upwelling and outbreaks of domoic acid, as depicted in Figure 5
during 2007, was also described by Schnetzer et al. (2013) and is further substantiated by an
examination of water temperature and salinity across the 15-year study period (Figure 6). Patterns
of the abundances of Pseudo-nitzschia and concentrations of domoic acid in the water column
plotted on T-S diagrams reveal that highest abundances and toxin concentrations were consistently
observed in cooler, saltier waters of this region (warmer colors in Figure 6), characteristics
consistent with upwelled water and elevated nutrient concentrations (see Figure 2 in (Seegers et al.,
2015)). In particular, substantial toxin concentrations were only occasionally observed at salinities
<33, and never at temperatures >19°C (Figure 6B).

The scenario described above (Figure 6) of nutrient loading of surface waters by upwelling
implies a significant amount of time between the upwelling event and the subsequent development
of a Pseudo-nitzschia bloom and appearance of toxin (typically 1-2 weeks following the upwelling
event). Domoic acid, however, can also appear in surface waters of the central SCB during or
immediately after an upwelling event, giving rise to an ‘instant” domoic acid event (Figure 7).
Evidence presented by Seegers et al. (2015) implicated the uplifting of a subsurface chlorophyll
maximum containing toxic Pseudo-nitzschia cells into surface waters by upwelling as a probable
explanation for these observations. An Environmental Sample Processor (Greenfield et al., 2006)
deployed just above the subsurface chlorophyll maximum on the San Pedro Shelf in that study
exhibited higher abundances of Pseudo-nitzschia cells immediately following shoaling of the
subsurface chlorophyll feature (Figures 3-5 in (Seegers et al., 2015); Figure 7A). Uplifting of the
subsurface chlorophyll feature was documented using an autonomous underwater vehicle, and
surface manifestations of the uplifted chlorophyll layer were apparent in Moderate Resolution
Imaging Spectroradiometer (MODIS) images (Figures 4 and 5 in (Seegers et al., 2015); Figure 7B).
Additionally, the authors reported that barnacles that grew on the autonomous underwater vehicle
during deployment contained significant concentrations of domoic acid prior to the appearance of
measurable concentrations of domoic acid in surface water samples, implying that toxin
contamination was attributable to phytoplankton not present in surface water assemblages.

The scenario described above of an immediate or nearly immediate appearance of particulate
domoic acid at the time of an upwelling event constitutes an interesting corollary to the classical 1-
2-week temporal progression from upwelling event to the appearance of domoic acid in surface

waters. Subsurface chlorophyll maxima and ‘thin layers’ are known to act as retention areas in the
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water column for some phytoplankton species (Durham and Stocker, 2012; Ryan et al., 2010; Velo-
Suarez et al., 2008). The association of Pseudo-nitzschia populations with subsurface chlorophyll
maxima and thin layers have been documented along the California coast and elsewhere (Rines et
al., 2002; Rines et al., 2010; Seegers et al., 2015; Timmerman et al., 2014), and has been
hypothesized as a missing link explaining the existence of ‘cryptic blooms’; that is, the appearance
of toxin at higher trophic levels in the absence of the bloom in surface waters (McManus et al.,
2008). These subsurface features are cooler and contain higher concentrations of nutrients than
surface waters (conditions that may favor the growth of Pseudo-nitzschia). Uplifting of these
population into low nutrient, high light surface waters should dramatically affect cellular physiology
and may increase toxin production (Terseleer et al., 2013).

It is likely that the impact of subsurface populations of toxic Pseudo-nitzschia on the timing and
magnitude of toxin appearance in surface waters following an upwelling event may depend not only
on the amount of toxic Pseudo-nitzschia cells in the subsurface layer, but also on the magnitude and
duration of the upwelling event. Events that are too weak to bring the subsurface Pseudo-nitzschia
assemblage to the surface will be insufficient to affect conditions in surface waters, while very
strong upwelling events may result in surfacing and seaward advection of the subsurface

assemblage, limiting the nearshore manifestation or magnitude of an ‘instant” domoic acid event.

4. Other factors affecting blooms in the Southern California Bight.

General nutrient loading into surface waters as a consequence of coastal upwelling is
unquestionably a primary factor affecting Pseudo-nitzschia blooms and the production of domoic
acid in the Southern California Bight, but it is not the sole explanation for the observed pattern of
toxic events over the past 15 years. Blooms of Pseudo-nitzschia did not occur in every year in the
region, nor have they occurred in response to every upwelling event. Additionally, when Pseudo-
nitzschia blooms have occurred, the blooms have not always resulted in domoic acid production.
That result is exemplified by the situation in 2013 and 2014, where peak spring abundances of
Pseudo-nitzschia in the central SCB were similar, yet maximal particulate domoic acid
concentrations differed by approximately two orders of magnitude (Smith et al., 2018). A somewhat
variable relationship between upwelling and domoic acid events is also supported by studies that

have not always reported strong correlations between domoic acid concentrations and either
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abundances of Pseudo-nitzschia or total chlorophyll concentrations (Seubert et al., 2013; Smith et
al., 2018). Therefore, other factors appear to play secondary but important roles in determining
whether individual Pseudo-nitzschia blooms, or specific years, will result in toxic events.

It is also apparent from this summary of the last 15 years that the details and magnitudes of
Pseudo-nitzschia blooms and domoic acid outbreaks in much of the SCB often have been different
from the situation in central and northern California as well as in the PNW. Rather than a simple
seasonal progression of blooms beginning in southern California and moving north as spring
progresses, conditions within the SCB have often been distinct from the fate of the coastline to the
north. For example, a massive domoic acid event in 2015 occurred along the west coast of North
America from central California to Alaska (McCabe et al., 2016). Only minor concentrations of
particulate toxin appeared in the northern counties of the SCB during that year, while the central
and southern Bight was virtually devoid of elevated concentrations of particulate domoic acid.
These varied outcomes presumably indicate subtle physical and chemical differences in the coastal
waters of southern California, resulting in differences in the ability of these ecosystems to support
the growth of Pseudo-nitzschia species and stimulate domoic acid production by toxigenic species.
In short, upwelling appears to be fundamentally important, but other factors also contribute to toxic

Pseudo-nitzschia blooms in the region.

4.1 Influence of timing, chemistry, and physics

Factors that might influence phytoplankton community activity, beyond the general nutrient
loading that occurs during upwelling events, include physical changes such as light and
temperature, and chemical modifications such as specific nutrient enrichment or depletion, or
changes in nutrient ratios. These changes may affect Pseudo-nitzschia dominance within the
phytoplankton, species composition within the assemblage, and the induction of toxin production.
These factors presumably act synergistically, which has complicated the process of attributing toxic

events to any specific factor(s).
4.1.1 Water temperature

Temperature appears to be an important factor constraining blooms of Pseudo-nitzschia and

toxin production in the SCB (Figure 6: Figure 3 Supplemental). Upwelling in the SCB can decrease
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surface water temperatures in the coastal ocean to 13-14°C, a condition that may favor the growth of
some Pseudo-nitzschia species (Lelong et al., 2012). Interestingly, high abundances of Pseudo-
nitzschia have not been reported in the region at temperatures exceeding 20°C, and virtually no
substantive values of particulate domoic acid in plankton samples have been recorded above ~19°C
(Figure 6, and Supplemental Figures 3A and 3B, respectively).

These findings imply that the timing (and/or magnitude) of seasonal upwelling events (i.e.
nutrient loading of surface waters), and specifically the surface water temperatures attained during
and immediately following these events, may strongly influence whether Pseudo-nitzschia species
will dominate the phytoplankton assemblage and produce toxin. The timing of seasonal upwelling
in northern California was examined by Schwing et al. (2006), whose results are in accordance with
this speculation. The authors noted a 2-3 month delay in the spring upwelling season in northern
California during 2005 relative to other years (no information was provided for southern
California). Concurrently, abundances of Pseudo-nitzschia and particulate domoic acid
concentrations were very low in the central and southern SCB during spring 2005, although values
in the previous year (2004) and following two years (2006-2007) were substantial (Schnetzer et al.,
2013; Schnetzer et al., 2007). It is possible that the delayed seasonal upwelling during 2005, and
warmer water temperatures at the time of the onset of upwelling, may explain the lack of a
significant domoic acid event in the central and southern SCB during that year.

The empirical observation that water temperature above 19°C did not result in Pseudo-nitzschia
dominance or domoic acid production in the SCB (Figure 6, Supplemental Figure 3B) implies that
nutrient loading, by itself, might not necessarily result in toxic events if the receiving surface waters
are too warm. This speculation is in agreement with observations during 2015, an anomalously
warm year that witnessed a massive domoic acid event extending from central California to Alaska
but little to no toxin produced in the SCB (McCabe et al., 2016).

It is also in accordance with the results of two recent, large-scale discharges of sewage effluent
into nearshore waters. The Orange County Sanitation District (OCSD) off Newport Beach on the
San Pedro Shelf, and the Hyperion Treatment Plant (HTP) of the City of Los Angeles off El
Segundo in Santa Monica Bay, conducted diversions from their offshore outfall pipes (discharging
below the euphotic zone =8 km from shore) to pipes ~1.6 km from shore to enact repairs on the
longer pipes during the fall of 2012 and 2015, respectively. Massive nutrient loading into nearshore

surface waters resulting from these discharges (~12 x10° m® of treated wastewater discharged
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during the OCSD diversion and ~39x10" m?® of treated wastewater discharged during the HTP
diversion, containing nutrient nitrogen at concentrations approximately three orders of magnitude
above ambient concentrations) was expected to result in dramatic responses of the phytoplankton
community and potentially the development of a HAB event (Howard et al., 2017; J. Smith
unpublished data).

In contrast to anticipated outcomes, the OCSD diversion resulted in only a modest increase in
phytoplankton biomass, where Pseudo-nitzschia was not a significant component of the community
and domoic acid was near or below detection throughout the 3-week diversion (Caron et al., 2017).
The 6-week HTP diversion resulted in three taxonomically distinct and substantive phytoplankton
blooms (diatoms, euglenids, raphidophytes) within Santa Monica Bay, but none of them contained
significant abundances of Pseudo-nitzschia or measurable concentrations of domoic acid (J. Smith
unpublished data). Cruises conducted following the 2015 diversion (November 2015), however, did
reveal some low concentrations of toxin and increased abundances of Pseudo-nitzschia cells in the
plankton — potentially a result of seasonal cooling of surface water temperature. A similar but
shorter diversion (<3 days) from HTP during fall 2006 resulted in a significant stimulation of
dinoflagellates within the phytoplankton assemblage, but no significant response of the Pseudo-
nitzschia assemblage (Reifel et al., 2013). These surprising results seem to be a consequence, at
least in part, of effluent release during a season not conducive to growth and toxin production by
potentially toxic Pseudo-nitzschia species in the Southern California Bight (presumably due to
supraoptimal temperatures of >19°C).

4.1.2 River discharge and composition

Much of the river discharge to the coastal ocean in the SCB is seasonal and enters the ocean
through a relatively small number of large rivers. The potential impacts of these discharges are
therefore somewhat localized within the Bight and their contributions to blooms and domoic acid
are complicated by the fact that the season of strongest river discharge typically co-occurs with the
season of upwelling events. Additionally, interannual variability in total discharge volume can be
significant, and that variability has been very high since 2003 (>20-fold; gray bars in Figure 8).

River discharge in central California has been proposed as a factor that may play a stimulatory
role in Pseudo-nitzschia blooms and domoic acid production due to nitrogenous compounds

contained in agricultural runoff that are a significant component of the discharge in that region
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(Kudela et al., 2008). Such anthropogenic point sources of nutrients comprise a significant amount
of the terrestrial nutrient loads to the SCB; >90% of total nitrogen and >75% total phosphorus
(Sengupta et al., 2013). Nevertheless, a direct relationship between river discharge and Pseudo-
nitzschia growth or toxin production is much less clear for the SCB (Schnetzer et al., 2013), perhaps
due to the fact that rivers in the Bight receive runoff from a wide spectrum of land use ranging from
agriculture in the north to highly urbanized and industrialized sectors in the central Bight.

Howard et al. (2014) characterized river discharge in the SCB as a significant component of
total nitrogen delivery to the coastal ocean, but minor in comparison to nitrogen delivered via
upwelling, or discharge from large POTW in the region. Rivers were, however, a major percentage
of the organic nitrogen compounds entering the coastal ocean. Nevertheless, data compiled for the
period 2003-2015 comparing discharge from the major river systems in the southern counties of the
SCB with maximal or average concentrations of domoic acid in coastal waters near those discharges
did not revealed a relationship (Figure 8). In fact, high average and maximal concentrations of
particulate domoic acid have been observed during ‘wet’ years (e.g. 2011), ‘dry’ years (e.g. 2007,
2013), and years with median river discharge (e.g. 2003, 2006, 2008). The two years with the
largest river discharges depicted in Figure 8 (2005, 2010) exhibited very low concentrations of
domoic acid in the SCB, while 2017 (a very wet year) witnessed a large domoic acid event in the

Bight (total discharge data not yet available for 2017).

4.1.3 Macro/micronutrients, nutrient depletion, and nutrient ratios

Generalized relationships between nutrient availability and toxic blooms in the SCB, beyond the
relationships to upwelling and temperature noted above, have not been dramatic when examined
across the entire available data set (~2330 data points) (Figure 4, Supplemental) or for the spring
months of March, April and May (~1900 data points, data not shown) when Pseudo-nitzschia
blooms occur most regularly. These loose relationships tend to fit ‘standard’ expectations reported
in the literature for the stimulation of Pseudo-nitzschia blooms and domoic acid events (Lelong et
al., 2012). Nutrient limitation during bloom formation, in particular silicate and/or phosphorus
limitation, or low ratios between those elements and other nutrient elements (e.g. low Si:N) have
yielded the most consistent correlations with domoic acid in the Bight (Anderson et al., 2009;
Schnetzer et al., 2013; Schnetzer et al., 2007; Smith et al., 2018). Similar relationships have been
observed for Pseudo-nitzschia blooms north of the SCB in Monterey Bay (Lane et al., 2009; Ryan
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et al., 2017). These correlations confirm a well-documented effect of nutrient status of the water on
toxin production as a Pseudo-nitzschia bloom progresses, although this effect is presumably
secondary to the factors described above.

Less-well-characterized relationships between water chemistry and Pseudo-nitzschia species
composition and/or toxin production remain to be examined in the SCB. The form of nitrogen
(NH,", NOs™ and urea) has been shown to affect growth and toxicity of Pseudo-nitzschia species
(Howard et al., 2007; Kudela et al., 2008; Thessen et al., 2009), but to date, this effect is largely
unexamined in field studies conducted in the Bight. Synergistic effects are also poorly understood.
For example, high CO,, phosphate limitation, and silicate limitation have been shown to act
synergistically to increase the toxicity of some Pseudo-nitzschia species (Sun et al., 2011; Tatters et
al., 2012). These complex interactions are exceedingly difficult to identify in field datasets, but they
may be fundamental in determining which Pseudo-nitzschia species will dominate a bloom or
whether toxin production will be stimulated among toxigenic species. Likewise, there is little
information with respect to how domoic acid production by Pseudo-nitzschia species in the SCB
may be affected by trace metal or vitamin status, although correlations in laboratory cultures and
some field studies have indicated that they can play a role (reviewed in Lelong et al., 2012).

4.2 Long-term relationships and drivers

Climatic variability and its effects on oceanographic conditions unquestionably play a role in the
year-to-year variability of coastal phytoplankton blooms, Pseudo-nitzschia abundances and
maximal particulate domoic acid concentrations in the SCB. Climate indices such as the Pacific
Decadal Oscillation (PDO) (Mantua and Hare, 2002; Mantua et al., 1997), North Pacific Gyre
Oscillation (NPGO) (Di Lorenzo et al., 2008) and the Multivariate EI Nifio Southern Oscillation
(ENSO) Index (MELI: indicative of ENSO dynamics) (Wolter and Timlin, 1993, 1998) have been
correlated to low-frequency patterns in oceanographic conditions which in turn impact biological
communities, such as zooplankton abundances and fish stocks, in the northeast Pacific (Lavaniegos
and Ohman, 2007; Lynn et al., 1998; McGowan et al., 1998). These large-scale climatic patterns
vary on timescales ranging from months and years (ENSO) to decades (NPGO and PDO)
(Alexander, 2010).
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The influence of ENSO can be linked to the decadal dynamics of the PDO and NPGO, and the
manifestations of the three climatic patterns result in definable changes in the oceanography of the
California Current (Di Lorenzo et al., 2013). The PDO is the first dominant mode of variation in sea
surface temperature anomalies (SSTa) and sea surface height anomalies (SSHa) in the northeast
Pacific. The positive phase of the PDO index generally results in increased biological productivity
along the Alaskan coast and muted productivity along the more southern regions of the North
American west coast, including parts of California (Mantua and Hare, 2002; Mantua et al., 1997).
The negative phase of the PDO is marked by the opposite trend with increased biological
productivity along the North American west coast. In either phase, the PDO generally exerts a
greater influence on regions north of 38°N (approximately the latitude of San Francisco, California)
(Chhak and Di Lorenzo, 2007; King et al., 2011).

The NPGO is the second dominant mode of SSHa variability in the northeast Pacific and also
captures the second mode of north Pacific SSTa variations. Prominent low-frequency changes in
salinity, nutrients, sea level and chlorophyll across the Pacific region have been attributed to phase
changes in the NPGO index (Di Lorenzo et al., 2008), particularly in regions south of 38°N (Chhak
and Di Lorenzo, 2007; King et al., 2011). The positive phase of NPGO represents the strengthening
of the geostrophic circulation of the North Pacific Gyre and manifests as increased southward
transport of the California Current System (CCS) and intensification of upwelling favorable wind
patterns (Di Lorenzo et al., 2008).

The activity of ENSO in the equatorial Pacific, as indicated by MEI (Wolter and Timlin, 1993,
1998) is characterized by variations between El Nifio warm phases and La Nifia cold phases
(indicated by positive and negative MEI phases, respectively). EI Nifio events have been shown to
impact the CCS, generally resulting in weaker coastal upwelling and fresher, warmer and shallower
source waters; conversely, La Nifia typically manifests with the opposite trend (Jacox et al., 2015).

Long-term trends in particulate domoic acid concentrations from the present data set were
examined in relation to climatic indices, demonstrating significant relationships with NPGO and
MEI but not PDO (Table 1). Particulate domoic acid concentrations above the limit of detection
(0.01 pg L™ or 0.02 pg L™, depending on data source) were matched by month to respective index
values, and then separated into two groups based on whether the respective climatic index was in
the positive or negative phase. The same analysis was also conducted with a 1-month lag (the index

and toxin concentration in the water one month later), assuming that bloom development and toxin
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production require time to respond to climatic shifts. A bulk comparison was conducted between the
two groups of particulate domoic acid concentrations using the Mann-Whitney Rank Sum Test.
Significance was determined at p < 0.05 (Table 1).

The PDO showed no significant relationship to the median concentration of particulate domoic
acid observed during the negative or positive phase, with or without a time lag. This implies, to the
extent that the available data can determine, that PDO has not exerted a clear influence on overall
particulate domoic acid concentrations in the SCB during the past decade and a half. This result
may reflect the fact that previous studies have noted that the PDO exerts a greater influence on
regions north of 38°N; i.e., north of central California (Chhak and Di Lorenzo, 2007; King et al.,
2011), and that the influence of the PDO within the SCB is moderated or subdued by other factors.

Median particulate domoic acid concentrations were higher during the negative phase of NPGO
than in the positive phase with both lagged and un-lagged data (Table 1), indicating that the
negative phase of the NPGO may enhance toxigenic Pseudo-nitzschia events in the SCB. This result
is surprising given that the positive phase of the NPGO is characterized by conditions that favor
coastal upwelling (Di Lorenzo et al., 2008), which has generally been shown to play an important
role in toxigenic bloom development in the Bight (Figure 6). The majority of data points in the
present analysis, however, were collected during the positive phase of the NPGO (Table 1),
potentially skewing the results of this analysis.

A significant difference between median concentrations of particulate domoic acid measured
during the negative and positive phases of ENSO (MEI) was shown, with higher median particulate
domoic acid concentrations occurring during the negative phase of the MEI (Table 1). The negative
phase of MEI is associated with decreased sea surface temperatures (SST) which, as noted above
(Figure 6; Supplemental Figure 3), appear to favor toxigenic Pseudo-nitzschia blooms in the SCB.

The relationships noted above between particulate domoic acid within the SCB and large-scale
climate variability indices are somewhat at odds with the general patterns reported in the literature
pertaining to toxic events along the U.S. west coast. Admittedly, these patterns are difficult to assess
from a dataset that is 15 years long, particularly for climate patterns that span ~10 years. Another
factor that appears significant, however, is that previous reports have largely focused on the
coastline from Santa Barbara county northward, and have not specifically addressed the southern
regions of the SCB, as in this analysis. McCabe et al. (2016) and McKibben et al. (2017) suggested
that domoic acid events (i.e. shellfish contamination) occurring from central California to
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Washington State were related to warm phases of the PDO and EI Nifio periods. A significant
relationship between particulate domoic acid concentrations and PDO was not detected for the SCB;
rather, results suggest La Nifia periods are related to higher particulate domoic acid concentrations
in the Bight (Table 1). Sekula-Wood et al., (2011) reported a relationship between the positive
phase of the NPGO and elevated domoic acid concentrations measured from sediment trap samples
from the Santa Barbara Basin at the northern end of the SCB from 1993 to 2008. Yet the present
analysis, which included data from across the entire Southern California Bight, detected the
opposite trend between 2003 and 2017. It is possible that toxic blooms within the more southern
regions of the SCB have been influenced by somewhat different dynamics than those acting in the
northern counties of the Bight, and that the northern counties appear to be more in agreement with
the central and northern Californian coast. This speculation seems to be consistent with observed
differences in the magnitude of spring upwelling that can exist between the northern sector of the
SCB relative to the central and southern sectors (Figure 5, Supplemental). Additionally, this
speculation is supported by differences in the magnitude and frequency of domoic acid in shellfish
of the northern vs. southern counties of California observed in the present synthesis (Figure 2).

It also appears that during the past 15 years, surface water temperature has been an overriding
factor controlling the production of domoic acid in the SCB. A strong relationship between surface
water temperature <19°C and domoic acid was observed, as noted above (Section 4.1.1; Figure 6;
Figure 3 Supplemental). In accordance with that finding, an analysis of two SSTa time series from
Newport Pier (located in Orange County) and Stearns Wharf (located in Santa Barbara County)
indicate that elevated domoic acid concentrations generally do not occur during periods of sustained
positive temperature anomalies (Figure 9A, C). Conversely, McCabe et al. (2016) postulated that
the large toxigenic Pseudo-nitzschia bloom that occurred from central California northward during
2015 was related to positive temperature anomalies. These anomalies resulted in SSTs of <19°C
throughout the region affected by the toxic bloom (see Figure 2 in McCabe et al. 2016), while
surface water temperatures during this period in southern California were >19°C (Figure 9B, D).
Generally, mean absolute SSTs are higher in the Bight (particularly in the southern regions of the
SCB), than along the west coast to the north of the SCB. These observations are consistent with the
conclusion that processes that increase temperatures along the U.S. west coast (such as El Nifio)
may stimulate the growth of Pseudo-nitzschia in more northern regions, but appear to have a

negative effect on Pseudo-nitzschia populations in the SCB. These results suggest that temperatures
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above 19°C in the Bight will suppress the growth and buildup of toxigenic Pseudo-nitzschia cell
populations, thereby also resulting in lower particulate toxin concentrations at higher temperatures.
The effect of temperature on toxin production on a per cell basis, however, is less clear.

Beyond latitudinal differences along the coast and their effects on water temperature, two other
features may help explain differences in the response of the phytoplankton community within the
SCB from communities to the north. Firstly, the orientation of the coastline of the Southern
California Bight to prevailing wind patterns along the coast is different than the coastline to the
north, affecting the magnitude of upwelling events and heterogeneity associated with their
geographic distribution within the Bight. Secondly, the Channel Islands, which are located
throughout the Bight, result in a complicated pattern of coastal circulation (Figure 1) that may
temper the applicability of relationships derived from observations farther north along the coast.
The islands also impact retention time, which has shown to be important by Nezlin et al. (2012).

4.3 Implications for modeling and prediction

A long-term goal of the work conducted in the SCB is the development of an operational
forecasting model for toxigenic Pseudo-nitzschia bloom events. The development of operational
HAB models for predicting blooms, including toxigenic Pseudo-nitzschia, is a central objective of
NOAA'’s Ecological Forecasting Roadmap (Anderson et al., 2016). At the time of this writing,
operational models of this type exist for Karenia brevis blooms in the Gulf of Mexico (Stumpf et
al., 2009), and for cyanobacterial blooms in Lake Erie (Wynne et al., 2010). These efforts are the
joint work of NOAA National Ocean Service’s (NOS) National Centers for Coastal Ocean Sciences
(NCCOS), government agencies, researchers, and regional associations of the U.S. Integrated
Ocean Observing System (IOOS) to develop NOAA’s HAB Operation Forecasting System (HAB-
OFS; https://tidesandcurrents.noaa.gov/hab/). Pilot HAB forecast models are being developed with
the goal of becoming operational for Alexandrium in the Gulf of Maine (He et al., 2008;
McGillicuddy et al., 2005; Stock et al., 2005), Alexandrium and Pseudo-nitzschia in the PNW
(Trainer and Suddleson, 2005), and Pseudo-nitzschia along the California coast (Anderson et al.,
2016).

Predictive modeling of Pseudo-nitzschia related HAB events requires the determination of

pertinent variables and their measurement on appropriate temporal and spatial scales (Jochens et al.,
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2010). There are currently few environmental factors that have been unequivocally linked to
increases in Pseudo-nitzschia cell abundances or the initiation of domoic acid production in situ. As
noted above, the conditions related to increases in Pseudo-nitzschia abundances can differ from the
conditions related to domoic acid production, creating an additional challenge. Several studies have
identified variables that might be used to help model toxigenic Pseudo-nitzschia blooms (Anderson
etal., 2011; Anderson et al., 2016; Anderson et al., 2009; Blum et al., 2006; Lane et al., 2009).
Limiting macronutrient concentrations, most often silicate, have emerged as an important factor in
DA-producing blooms from several of these studies (Anderson et al., 2011; Anderson et al., 2009;
Blum et al., 2006; Lane et al., 2009). Another challenge to predictive modeling is the need for
substantial and sustained data input into the model. Remotely sensed information, particularly
satellite imagery, has provided the most extensive temporal and spatial coverage, making it useful
for current and forecast models. A major challenge to this approach, however, is the lack of a novel
optical signal for domoic acid or Pseudo-nitzschia abundances from the currently available multi-
spectral ocean color satellite sensors (Anderson et al., 2016). Approaches using chlorophyll
anomalies from satellite observations have yet to be successfully applied to predict Pseudo-
nitzschia or domoic acid events with high accuracy, as they have with other forecast models such as
those for Karenia brevis blooms (Stumpf et al., 2009).

The majority of Pseudo-nitzschia and domoic acid modeling studies in the SCB have focused on
the Santa Barbara Channel region to central California. Anderson et al. (2009) utilized a stepwise
linear regression approach to identify in situ biological and physiochemical factors, as well as
remotely sensed data, that contributed to Pseudo-nitzschia blooms and DA over a 1.5-year period.
Remote sensing reflectance ratio (Rys) (510/555), Si:P, SST and sea surface salinity (SSS) were the
strongest predictors of particulate domoic acid concentrations. The model performed well at
estimating the presence or absence of particulate domoic acid (e.g. thresholds), but was less skilled
at estimating the absolute concentration of the toxin and, overall, performed better at predicting
Pseudo-nitzschia cell thresholds than domoic acid thresholds. Unsurprisingly, the conditions related
to elevated Pseudo-nitzschia abundances differed from those related to elevated particulate domoic
acid. Conditions related to Pseudo-nitzschia abundances above a bloom threshold were found to be
Rs(412/555), In(Si:N), Rs(555), particulate absorption (Ap)(490), and Rs(510/555).

Anderson et al. (2011) expanded upon the work reported in Anderson et al. (2009) and
employed satellite-derived ocean color data and the Regional Ocean Modeling System (ROMS)
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(Shcehpetkin and McWilliams, 2005) to estimate circulation patterns, sea surface temperature and
sea surface salinity, and an updated empirical HAB model that utilized a generalized linear model
approach with a larger data set. A “full model’ that included all available data and ‘remote-sensing’
model that included only variables from remote platforms were produced. The predictors of the ‘full
model’ generally agreed with previous Pseudo-nitzschia and DA modeling studies (Anderson et al.,
2009; Lane et al., 2009), identifying Rs (510/555), Si:N, Si:P, SST and SSS as significant predictors
of DA. The ‘full model” demonstrated greater predictive skill than the ‘remote-sensing” model;
however, nowcasts and forecasts are currently only possible using remotely sensed data due to its
higher temporal and spatial coverage compared to in situ measurements.

The California Harmful Algal Risk Mapping (C-HARM) system (Anderson et al., 2016),
(http://www.cencoos.org/data/models/habs) is a pre-operational model that provides a risk map of
particulate domoic acid, cellular domoic acid, and Pseudo-nitzschia. C-HARM has been in
operation since February 2014 and is built upon the efforts of Anderson et al. (2011; 2009). The
system utilizes ROMS to estimate circulation patterns, sea surface temperature, and salinity,
MODIS Agqua (MODISA) to derive ocean color data, and the previously developed empirical
models for toxigenic Pseudo-nitzschia blooms noted above. This model also utilizes Data
Interpolating Empirical Orthogonal Function (DINEOF), a data interpolating technique, to fill gaps
in satellite coverage to enhance the nowcast and forecast abilities of the model. Currently, C-
HARM has been shown to be more skilled at the estimation of particulate domoic acid than Pseudo-
nitzschia cell abundance thresholds. Anderson et al. (2016) reported that the model correctly
predicted more than 50% of the domoic acid events observed above a designated event threshold at
the Santa Cruz Municipal Wharf as well as some of the shore stations maintained by California
Harmful Algal Bloom Monitoring and Alert Program (CalHABMAP) and Southern California
Coastal Ocean Observing System (SCCOOS) during the validation study. The bulk of the validation
study was conducted with data collected at Santa Cruz Municipal Wharf in central California and in
Santa Barbara County of the SCB at Stearns Wharf. Lower predictive ability was reported at some
of the shore stations, particularly at the shore stations in San Diego County (Scripps Pier) and in
San Luis Obispo county (Cal Poly Pier), again indicating potential regional disconnections between
sites in the SCB as noted above.

The approach of merging data from various platforms in C-HARM has proven useful, and

model skill will undoubtedly improve as the data coverage and resolution from remote sensing and
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ROMS platforms increases. Additionally, the development of a regional biogeochemical model
capable of estimating nutrient concentrations would likely enhance the skill of C-HARM as
indicated by the results of Anderson et al. (2011; 2009), where models that included nutrient data
were generally more skilled than those with remotely sensed data alone.

5. Food web consequences of toxic blooms in the Southern California Bight.

The consequences of domoic acid events along the U.S. west coast, and within the SCB, have
stimulated awareness of the risk that the toxin poses to human health (and safeguards to prevent
exposure). These events have resulted in mass animal mortality events and losses in fishery revenue
due to contamination of pelagic and benthic food webs. Documentation of domoic acid within
coastal marine food webs, and animal mortalities attributable to the toxin in the SCB followed the
first reports of mass mortality events from central California in the late 1990s.

Most studies of marine animal poisoning have focused primarily on the California sea lion
population (Zalophus californianus) in central California north of the SCB, but have also included
events within the Bight (Bargu et al., 2012; Bargu et al., 2010; Torres de la Riva et al., 2009). A
substantial body of work on sea lions followed the mass mortality event of 1998 (north of the Bight)
and events in the SCB during 2002, 2006 and 2007. These studies have brought attention to the role
of domoic acid in sea lion strandings along the west coast (Scholin et al., 2000), and provided
possible explanations for mass mortality events of other species. Since that time, domoic acid
poisoning in sea lions has been linked to premature parturition and abortion, disruption of
hippocampal-thalamic brain networks and other neurological problems (Cook et al., 2015;
Goldstein et al., 2008; Goldstein et al., 2009; Silvagni et al., 2005). Significant mortality events of
seabirds attributable to domoic acid have also been documented in the region, including brown
pelicans (Pelecanus occidentalis) and other birds off Baja (Sierra Beltran et al., 1997) and central
California (Fritz et al., 1992; Work et al., 1993).

Losses to marine animal populations attributable to domoic acid have been significant. During
the period of 2001-2009, nearly 27,000 marine mammal strandings were recorded along the coast of
California (http://www.nmfs.noaa.gov/pr/health/prescott/: ~94% pinnipeds, ~6% cetaceans; 40% of
animals were dead). In recent years, marine animal deaths have occurred with considerable
frequency (http://www.whoi.edu/redtide/page.do?pid=18103&tid=542&cid=47892&c=3).
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Strandings have many causes, including injury, disease, even unusual oceanographic conditions
(Melin et al., 2010) but published reports also indicate a strong link between some of these mass
mortality events and algal toxins (particularly domoic acid) in marine food webs (Gulland, 2006).
Other marine mammals along the California coast for which domoic acid poisoning has been
demonstrated include Pacific harbor seals (McHuron et al., 2013), northern fur seals (Lefebvre et
al., 2010) and southern sea otters (Kreuder et al., 2003). As a consequence of this work, biotoxins
are increasingly recognized as a major cause of mass mortality events for marine mammal
populations, and the overall number of events in the U.S. southwest region has increased markedly
during the past few decades (Gulland, 2006).

Data collected during mortality events in 2006 and 2007 documented the pattern and impact that
toxic Pseudo-nitzschia blooms have on marine animal populations in the SCB (Figure 10). Both
years witnessed massive toxic blooms of domoic acid on the San Pedro Shelf near the mouth of the
Los Angeles Harbor in the central Southern California Bight. Maximal concentrations of particulate
domoic acid of approximately 15 and 25 pg L™ during 2006 and 2007, respectively, were observed
in the particulate domoic acid fraction (Figure 10A, B). Concentrations of domoic acid averaged
across 20 sampling stations on the Shelf were also high, and the timing of the appearance of
particulate toxin coincided with the appearance of domoic acid in marine mammals and seabirds
stranding at that time (Figure 10C, D). Peaks in the number of animals testing positive for domoic
acid co-occurred with the time of seasonal peaks in the number of stranding animals, and at or just
before the time of peak particulate toxin concentrations were observed (Figure 10C, D). Species
affected in the 2006-2007 mortality events included several bird species of concern in California,
including common loon, double-crested cormorant, rhinoceros auklet and California gull.

Studies beyond charismatic macrofauna along the U.S. west coast have documented that domoic
acid is pervasive throughout the marine food web during toxic events (Lefebvre et al., 2002). The
accumulation of domoic acid in sardines, anchovies, and krill during toxic blooms is well
documented because these species constitute ‘vectors’ for the trophic transfer to species that prey on
them (Bargu et al., 2002; Costa and Garrido, 2004; Lefebvre et al., 1999). Contamination and/or
death of a wide variety of species, however, has been demonstrated including several pelagic and
benthic fish, Humboldt squid and at least one Minke whale in the SCB (Busse et al., 2006; Fire et
al., 2010; Mazzillo et al., 2011).
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Contamination of benthic ecosystems and biological communities with domoic acid due to the
potential for rapid sinking of toxic diatom cells and other particulate material in the SCB has also
been demonstrated (Busse et al., 2006; Powell et al., 2002; Schnetzer et al., 2007; Sekula-Wood et
al., 2009). Recent years have witnessed numerous closures of razor clam (and other bivalve
mollusks), rock crab and Dungeness crab fisheries. The considerable magnitude and consequences
of the contamination of benthic food webs were well-documented during the extensive domoic acid
event along much of the U.S. west coast north of the SCB in 2015 (McCabe et al., 2016).

Continuing problems for marine animal health in the Southern California Bight include the re-
occurrence of toxic Pseudo-nitzschia blooms (and resulting animal mortality events) such as the
event that emerged in spring 2017 (http://www.ocregister.com/2017/04/10/are-toxic-algae-blooms-
sickening-a-record-number-of-sea-lions/). Emerging issues include the potential for multiple toxins
and other stressors to impact animal populations (Fire et al., 2010; Gulland, 2007), the transport of
freshwater toxins from freshwater environments where they are produced into marine food webs
(e.g. otter deaths in central California; (Miller et al., 2010)), and exposure to several algal and/or

cyanobacterial toxins in an environment (Tatters et al., 2017).

6. Conclusions and future efforts.

Much attention has been garnered recently regarding ocean warming and its realized and
anticipated impact on the global distribution of HAB. Concern within the scientific community is
particularly acute for the development of freshwater cyanobacterial blooms and their associated
toxins (Paerl, 2014; Paerl and Huisman, 2009; Paerl and Paul, 2012), but similar concerns surround
the intensity and frequency of well-documented marine HABs (Gobler et al., 2017). These concerns
include blooms and events along the west coast of North America produced by species of Pseudo-
nitzschia (McCabe et al., 2016; McKibben et al., 2017), Alexandrium and Dinophysis (Jester et al.,
2009), as well as HAB issues only recently documented in the region (Caron et al., 2010; Howard et
al., 2008; Howard et al., 2012; Jessup et al., 2009; Reifel et al., 2013; J. Smith unpublished data).
McCabe et al. (2016), for example, speculated that the massive domoic acid outbreak along the west
coast from central California to Alaska was in part a consequence of a northern expansion of the
range of P. australis enabled by anomalously warm ocean temperature throughout the region in that

year.
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Paradoxically, while ocean warming may expand the northern distributions of some HAB
species, it is possible that ocean warming may actually reduce the occurrence of domoic acid in the
Southern California Bight, based on information summarized here. Overall, the last 15 years have
witnessed recurrent toxic events, but the recent exceptional drought years in the U.S. southwest
(2014-2016) witnessed very low concentrations of particulate domoic acid in the Bight (Figure 3).
Moreover, the SCB experienced extremely low domoic acid concentrations during 2015, completely
anomalous to the massive toxic event that occurred along the entire North American coast north of
the Bight. Rising water temperatures might shrink the seasonal ‘window of opportunity’ for
Pseudo-nitzschia species (i.e. the period of cooler surface water temperatures with sufficient light
for population growth; Figure 4C), particularly in the central and southern regions of the SCB,
thereby reducing their competitive ability. Future domoic acid events are anticipated in the Bight
due to year-to-year and decadal-scale climatic variability, but a general trend towards higher surface
water temperatures in the region may act to limit or even prevent these toxic events.

The speculation above must be tempered, of course, by the possibility that warm-adapted,
toxigenic species of Pseudo-nitzschia may eventually dominate in the region. The present dataset
strongly indicated blooms of Pseudo-nitzschia and domoic acid production did not occur at surface
water temperatures above 19°C (Figure 6, Supplemental Figure 3). There is no a priori reason,
however, to believe that warm-adapted toxigenic species of Pseudo-nitzschia will not become
established in the region as ocean water warms, and continue to cause domoic acid events in future
years. Indeed, Zhu et al. (2017) documented a P. australis strain isolated from the SCB that showed
increased toxin production and growth at 23°C in culture, suggesting that some toxigenic strains of
Pseudo-nitzschia exist in the region.

Perhaps more significantly, the role of subsurface chlorophyll maxima (including ‘thin layers’)
as reservoirs of toxic populations of Pseudo-nitzschia is poorly understood. Evidence exists for the
presence of toxic cells in subsurface layers within the SCB, but there is only cursory information on
the extent to which these cells/toxins might seed surface blooms along the coast, explain the rapid
emergence of toxic events due to uplifting of these layers during upwelling events, or contribute to
animal strandings/mortalities when no surface manifestation of domoic acid is apparent (i.e. ‘cryptic
blooms”). Establishing the significance of these phenomena should be a topic for future study and

clarification.
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Additionally, there is a poor understanding of blooms originating or taking place offshore within
the Southern California Bight. The contribution of offshore blooms in the SCB to animal strandings
and mortalities events is also poorly documented at this time. The potential for onshore advection of
offshore toxic blooms to contribute to domoic acid in surface waters along the coast is understudied
in large part because offshore monitoring and surveillance is generally sparse and/or ad hoc.
Additional research is needed to gain a better understanding of the potentially important impact of
offshore Pseudo-nitzschia dynamics and the level of connectivity to the onshore regions of the
Bight.
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Table 1. Fifteen year medians (2003-2017) in domoic acid concentrations (ug L™) and chlorophylI

a concentrations (ug L™) in relation to the positive or negative phase of the Pacific Decadal

Oscillation (PDO), North Pacific Gyre Oscillation (NPGO) and Multivariate ENSO Index (MEI).
Analyses were conducted using the median of particulate domoic acid concentrations were above

the limit of detection and the corresponding chl a concentrations (where available). Bolded values

are significantly different at p < 0.05; n = number of measurements included in the comparisons.

Variable

. n
P concentration

PDO (+)
PDO (-)
PDO (+)
PDO (-)
NPGO (+)
NPGO (-)
NPGO (+)
NPGO (-)
MEI (+)
MEI (-)
MEI (+)

MEI (-)

Time
Lag

None

month

None

month

None

month

Median pDA
concentration

0.177
0.183
0.167
0.170
0.136
0.264
0.130
0.277
0.130
0.260
0.114

0.262

841

807

939

767

1216

457

1188

492

959

747

826

880

Median Chl a
4.26 606
0.845
2.83 630
3.91 692
0.569
2.84 599
2.78 853
<0.001
475 438
2.76 825
<0.001
4.65 466
2.74 633
<0.001
3.99 658
2.73 602
<0.001
3.82 689

1334
Y
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Figure Legends

Figure 1. Map of the Southern California Bight (Point Conception to San Diego) indicating the

general circulation pattern within the region. Modified from Hickey (1992). Inset shows the

location of the Bight along the California coast.

Figure 2. Scatter plots of domoic acid concentrations measured in shellfish tissue (mussels and

oysters) over the period of 2003 to 2016 in each coastal county of California (total number of
samples, n = 4528). Individual counties are color-coded on the map, and correspond to the same
colors on each scatter plot. Panel (A) shows samples collected in northern California (n=620),
(B) shows samples collected in central California (n=1966), (C) shows samples collected in the
northern counties of the Southern California Bight (n=1335), and (D) shows samples collected
in the southern counties of Southern California Bight (n=607). Data summarized from

California Department of Public Health Center for Environmental Health (2014).

Figure 3. Summary of ~4,500 particulate domoic acid measurements for plankton samples

collected and analyzed during the last 15 years from the Southern California Bight (see
Supplemental Table 2 for complete dataset of samples that yielded values of domoic acid above
the methodological limit of detection). Symbols indicate samples collected shipboard at the
surface, defined as <2 meters depth, (open circles) or subsurface, defined as a depth of >2

meters depth, (filled circles), or by bucket from pier stations (inverted filled triangles).

Figure 4. Average and maximal concentrations of domoic acid in shellfish tissue. Grey bars show

the average domoic acid concentrations in shellfish tissue samples in each month for the period
of 2003 to 2016. The black line indicates the maximal domoic acid concentration measured in
each month during the same period. (A) data from all coastal counties in California; (B) data
from the northern counties of the Southern California Bight only (Santa Barbara and Ventura);
(C) data from the southern counties of the Southern California Bight only (Los Angeles, Orange
and San Diego). Arrows and numbers indicate the month in which the maximal particulate

domoic acid concentrations were observed during each year. with the color of the arrow and
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number indicating the year. Shellfish data obtained from California Department of Public Health
Center for Environmental Health (2014).

Figure 5. Typical relationship between the timing of spring coastal upwelling, resulting in a

decrease in temperature of surface waters at the coastline, followed by subsequent population
growth and toxin production by Pseudo-nitzschia species in the central Southern California
Bight. Temperature information (A) was obtained from the NOAA weather buoy (Station
46222 — San Pedro, California (092), 33.618°N, 118.317°W). Inset (B) shows the distribution of
particulate domoic acid in the plankton community at the surface on 27 April 2007,
approximately one week after the minimum in water temperature. LA hb indicates the Los
Angeles harbor, black dots show the shipboard sampling stations, the legend indicates
particulate domoic acid concentrations. Note that inset (B) also appears in Figure 10, which
demonstrates the temporal relationship between particulate domoic acid concentrations and

marine mammal and seabird poisoning events resulting from food web contamination.

Figure 6. Pseudo-nitzschia abundances (A) and particulate domoic acid concentrations (B) from

the Southern California Bight plotted on temperature-salinity diagrams. 649 values were plotted
for each parameter. Lowest toxin concentrations were plotted first, followed by successively
higher concentrations, in order to allow higher values (which are rarer) to be visible. Pseudo-
nitzschia abundances were plotted in order of lowest associated domoic acid concentrations to

highest.

Figure 7. Two-dimensional depictions (water depth and distance from shore) of temperature (A),

salinity (B), chlorophyll fluorescence (C) and colored dissolved organic matter (CDOM) along
an onshore-offshore transect off Newport Beach, Orange County, April 3, 2009 obtained using
an autonomous underwater vehicle (Slocum Glider). A surface manifestation of a
phytoplankton bloom is apparent as elevated chlorophyll fluorescence near the shore (left side
of panel C), which extends offshore as a subsurface chlorophyll maximum. The maximum in
CDOM in panel (D) is due to effluent discharge of a nearby sewage treatment plant. A MODIS

image obtained on the same day (E) indicates the nearshore surface-associated phytoplankton

48



1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425

bloom (as indicated by elevated chlorophyll fluorescence. The black line in (E) indicates the

onshore-offshore track of the glider for parameters depicted in A-D.

Figure 8. Yearly river discharge of three major rivers (summed discharge of Los Angeles, Santa

Ana, San Gabriel Rivers) along the coast in the southern counties of the Southern California
Bight (grey bars) for the years 2003-2015 plotted with yearly maximal detectable particulate
domoic acid (purple bars), and annual average particulate domoic acid (black bars). Median
river discharge for the entire period is shown as a black dashed line.

Figure 9. Daily temperature anomaly and absolute temperature time-series for the period 2005-

2017. Time-series data were collected from shore station sensors located at Newport Beach
Pier, City of Newport Beach, Orange County (representative of the southern region of the SCB:
two panels on left), and Stearns Wharf, Santa Barbara, Santa Barbara County (representative of
the northern region of the SCB: two panels on right). Temperature anomalies were calculated
for each site from the time-series of temperature data collected from the shore station sensors.
Particulate domoic acid concentrations from the entire southern and northern regions of the SCB
(A,C, respectively) were temporally matched to positive or negative temperature anomalies, and
are plotted accordingly on the figures (black dots). The righthand axes are duplicated above and
below a temperature anomaly of zero to denote whether concentration data were matched to a
positive or negative temperature anomaly. Only particulate domoic acid concentrations >1 ug
L (representing substantive concentrations of particulate domoic acid) were plotted. Absolute
surface water temperatures for the same period are shown for Newport Beach Pier (B) and
Stearns Wharf (D). Note the differences in maximal absolute temperatures between the two
sites.

Figure 10. Two examples of toxic Pseudo-nitzschia blooms on the San Pedro Shelf during 2006

and 2007, showing concentrations of particulate domoic acid, and their correspondence to
domoic acid concentrations in the fluids and excreta of animals stranding during the same
period. (A,B) Maximal concentrations and geographical distribution in the study area during
blooms in the two years (black dots indicate sampling stations; particulate domoic acid

concentrations in pg L™). LA hb indicates the Los Angeles harbor; black lines show the
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breakwater. Data for marine mammals are shown in (C) and seabirds are shown in (D).

Concentrations of particulate domoic acid (green lines: values are averages for 20 samples per

cruise), total numbers of stranded or dead animals (black lines with gray fill) and animals testing

positive for domoic acid (red lines with stippled fill) along the SCB during 2006 and 2007.
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Supplemental Materials

Supplemental Table 1. Maximal domoic acid concentrations each year since 2003, and their
month of occurrence, in the northern counties (Santa Barbara, Ventura) and southern counties
(Los Angeles, Orange and San Diego) within the Southern California Bight. Months of

maximal concentrations for each year are shown as colored arrows in Figure 4.

Supplemental Table 2. Summary of data sources for Pseudo-nitzschia cell abundances and domoic
acid concentrations in the particulate fraction summarized in this study. All unpublished data

are available from the authors.

Supplemental Figure 1. Summary of particulate domoic acid concentrations in plankton samples
presented in Figure 3, showing the distribution of values for samples testing above the limit of

detection (approximately 0.01 pg DA L™).

Supplemental Figure 2. Monthly distribution of samples collected from 2003 to 2017 by month
that contributed to the particulate domoic acid concentrations presented in Figures 3 and 4.

Supplemental Figure 3. Relationship between particulate domoic acid (A) or abundances of
Pseudo-nitzschia (B) and water temperature. Panel (A) represents 3,356 data points and panel
(B) represents 2,976 data points collected from throughout the Southern California Bight.

Supplemental Figure 4. Relationships between particulate domoic acid and (A) Pseudo-nitzschia
cell abundance, (B) phosphate, (C) chlorophyll a, (D) nitrate and (E) silicate. Approximately
2,330 data points from throughout the Southern California Bight were summarized.

Supplemental Figure 5. Advanced Very High Resolution Radiometer (AVHRR) image of sea
surface temperature (A) and MODIS-Aqua image of chlorophyll fluorescence in the Southern
California Bight on April 8, 2010. Note lower water temperatures and higher chlorophyll

concentrations in the Santa Barbara Channel in the northern region of the Southern California
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Bight compared to warmer temperatures and lower chlorophyll fluorescence values in the

central and southern regions of the Bight.
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1496

1497  Supplemental Table 1. Maximal domoic acid concentrations each year since 2003, and their

1498 month of occurrence, in the northern counties (Santa Barbara, Ventura) and southern counties
1499 (Los Angeles, Orange and San Diego) within the Southern California Bight. Months of
1500 maximal concentrations for each year are shown as colored arrows in Figure 4.
1501
Year Month pDA (ngL™) Region
2003 May 12.73 Southern Counties
2003 May 1.68 Northern Counties
2004 February 2.33 Southern Counties
2004 January 1.06 Northern Counties
2005 April 291 Southern Counties
2005 June 49.13 Northern Counties
2006 March 14.39 Southern Counties
2006 April 1.58 Northern Counties
2007 April 26.97 Southern Counties
2007 April 0.36 Northern Counties
2008 April 19.74 Southern Counties
2008 August 0.10 Northern Counties
2009 May 8.11 Southern Counties
2009 November 5.45 Northern Counties
2010 May 4.62 Southern Counties
2010 September 6.13 Northern Counties
2011 March 52.30 Southern Counties
2011 April 25.92 Northern Counties
2012 April 0.63 Southern Counties
2012 July 19.01 Northern Counties
2013 April 17.40 Southern Counties
2013 April 4.42 Northern Counties
2014 May 1.60 Southern Counties
2014 May 0.63 Northern Counties
2015 May 0.10 Southern Counties
2015 June 0.45 Northern Counties
2016 July 0.05 Southern Counties
2016 April 0.07 Northern Counties
2017 May 14.4 Southern Counties
2017 April 7.56 Northern Counties
1502
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Supplemental Information on Datasets and Methods

Study Location and Regional Definitions

The coastline of California is directly bordered by fifteen counties, and traditionally is further
subcategorized into the northern coast, central coast and southern coast regions of California. The
north Coast of California includes Del Norte County, Humboldt County, Mendocino County,
Sonoma County, Marin County, San Francisco County, and San Mateo County. Santa Cruz County,
Monterey County, and San Luis Obispo County comprise the central Coast. The counties bordering
the Southern California Bight region are Santa Barbara County, Ventura County, Los Angeles
County, Orange County and San Diego County.

For several different analyses, data from the Bight were divided into the northern and southern
regions. The northern region of the Bight was geographically defined here as the coastline bordering
Santa Barbara County and Ventura County and the southern region was defined as the coastline

bordering Los Angeles County, Orange County and San Diego County.

Data Sources for Pseudo-nitzschia Cell Abundance and Domoic Acid in the Particulate Fraction

Particulate domoic acid and Pseudo-nitzschia cell abundance information was synthesized from
the sources described in Supplementary Table 2 and represented data collected during the period
of October 2003 to June 2017. Altogether, 4,579 particulate measurements were summarized.
Collection of particulate domoic acid samples varied by study and sample analyses were conducted
via LC-MS or ELISA, depending on the study from which measurements were obtained.

Physiochemical and biological data collected in conjunction with particulate domoic acid
measurements and Pseudo-nitzschia cell abundances included temperature, salinity, chlorophyll a
concentrations, dissolved NO;* concentrations, dissolved PO, concentrations, and dissolved
SiO,% concentrations. Measurement of these parameters varied by study and detailed
methodologies can be found in the references listed in Supplementary Table 2.

Domoic acid concentrations in shellfish were obtained from the California Department of Public
Health Center of Environmental Health (2014). A total of 4,528 measurements were reported from
the period of January 2003 to December 2016. Shellfish data was sorted into general region in
California, either the northern, central or southern coast based on county where the tested organism

was collected. The Southern coast was further subdivided into the northern counties of southern
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California and the southern counties of southern California.

Marine Animal Stranding and Poisoning Data

Most samples for domoic acid analysis in marine mammals were provided by the Marine
Mammal Care Center in San Pedro, Los Angeles County, and the Pacific Marine Mammal Care
Center in Laguna Beach, Orange County. Samples were collected upon arrival at the Centers and
occasionally subsequent to care or at the time of necropsies for domoic acid analysis.
Methodological analyses for these specimens were investigated by Seubert et al. (2014) to examine
and characterize matrix effects. Most samples for domoic acid analysis in seabirds were obtained
from the International Bird Rescue center in San Pedro, and the California Wildlife Center, Malibu,
both in Los Angeles County. Matrix effects have not been well-determined for some bird fluids and
solids, and therefore the absolute values of domoic acid concentrations have not been vetted through
carefully controlled investigations. All unpublished marine mammal and seabird data are available

from the authors.

Temperature Records in the Southern California Bight

Historical sea surface temperature data was obtained from NOAA National Data Buoy Center
(http://www.ndbc.noaa.gov/) for Station 46222 located in San Pedro, CA (33.618 N 118.317 W) for
the period of March 16, 2007 to May 1, 2007. Measurements were averaged by day and reported as
a mean daily temperature.

Temperature data for Newport Beach Pier and Stearns Wharf were obtained from
http://sccoos.org/data/autoss/ for the date of first measurement (June 17, 2005 at Newport Beach
Pier and September 16, 2005 at Stearns Wharf) to June 1, 2017. Sensed temperature data was first
quality controlled by removing any data with a primary or secondary flag. Following quality control
protocols, sensed data was averaged by individual day to create a daily mean temperature and by
month across the analysis period. Temperature anomalies were calculated by subtracting daily
mean temperature from the monthly average according to which day the daily temperature was
made. Temperature anomaly data from Newport Beach Pier was compared to particulate domoic
acid measurements above 1 pg L™ from the southern region of the Bight. Similarly, temperature
anomaly data from Stearns Wharf was compared to particulate domoic acid measurements above 1

ug L™ from the northern region of the Bight. At both locations, particulate domoic acid
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concentrations were temporally matched to positive or negative temperature anomalies, and are

plotted with the respective anomaly in Figure 9.

Riverine Discharge into the southern region of the Bight

The role of riverine discharge into the southern region of the Southern California Bight was
examined as potential driver of variation in annual domoic acid concentrations.
Average monthly discharge data was obtained from the USGS database
(https://waterdata.usgs.gov/ca/nwis/) for the San Gabriel River (Site: 11085000), Santa Ana River
(Site: 11078000) and Los Angeles River (Site: 11092450), which are the main contributors of river
discharge for the region. The monthly averages of the three rivers were summed and combined by
year to represent the yearly discharge. The median discharge for the year was calculated for the
period of 2003 to 2015. Maximal and mean particulate domoic acid concentrations were calculated
from detectable domoic acid concentrations collected within the southern region of the Bight and

compared to the total yearly riverine discharge.

Climatic forcing of domoic acid events in the Southern California Bight

Long-term trends in domoic acid concentrations were examined in relation to climatic indices.
The multivariate ENSO index (MEI), north pacific gyre oscillation (NPGO), and pacific decadal
oscillation (PDO) were used in these analyses. The monthly MEI was obtained from
http://www.esrl.noaa.gov/psd/enso/mei/table.html, the monthly NPGO was obtained from
http://www.03d.org/npgo/npgo.php, and the monthly PDO was obtained from
http://research.jisao.washington.edu/pdo/. Particulate domoic acid measurements above the limit of
detection were matched by month to index values and then separated into two groups based on if the
respective climatic index was in the positive or negative phase. The two groups of pDA
concentrations were compared using the Mann-Whitney Rank Sum Test and were determined to be
significantly different at p < 0.05. Statistical analyses were performed in SigmaPlot (v.13.0, Systat
Software, San Jose, CA).
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Supplemental Table 2. Summary of data sources for Pseudo-nitzschia cell abundances and

particulate domoic acid concentrations summarized in this study. All unpublished data are

available from the authors.

Date Range

Oct 2003 - Jun 2010

Location

Northern SCB
(Santa Barbara Channel)

Source/Citation

Anderson et al. (2009)
Anderson et al. (2011)

2009; Mar 2011

(San Pedro Channel)

Dec 2003 - Feb 2004 Southern SCB Busse et al. (2006)
(San Diego)
Central SCB
May 2003 — March 2004 (San Pedro Shelf & LA) Schnetzer et al. (2007)
Central SCB
Mar 2005 — Dec 2007 (San Pedro Shelf & LA) Schnetzer et al. (2013)
Feb - May 2006; Feb - May Central SCB Unoublished
2007; Feb - May 2009 (San Pedro Shelf & LA) P '
Mar — Apr 2008; Feb - Jul Central SCB Stauffer et al. (2011);

Partially unpublished.

Jun 2008 — Jun 2017

Bight-wide in SCB
(San Diego, Newport
Beach, Santa Monica,

Santa Barbara)

Publicly available at
http://www.sccoos.org/data/ha
bs/

Published white paper.

(Santa Barbara Channel)

Mar 2010 to Apr 2010 Bight-wide in SCB http://lwww.sccwrp.org/Resear
chAreas/
2010-2013 Northern SCB Unpublished (C.R. Anderson)

Apr - May 2014

(San Pedro Channel)

Central SCB Seubert et al. (2013)
Feb 2010 — Nov 2012 (Redondo Beach Pier) Partially unpublished.
Central SCB
Sep 2012 — Nov 2012 (San Pedro Channel) Caron et al. (2017)
Central SCB .
Nov 2012 — Feb 2014 (Cabrillo Marina Pier) Unpublished.
Mar - Apr 2013; Central SCB

Smith et al. (2018)

Apr - Jun 2017

Northern & Central SCB
(San Pedro Channel &
Santa Barbara Channel)

Unpublished.
NOAA Event Response.






