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A B S T R A C T

San Francisco Bay (SFB), California, USA is the largest estuary in the western United States and is home to more
than 7 million people in nine counties and 101 cities. It is highly nutrient enriched and is directly connected to
the Gulf of the Farallones and coastal Pacific ocean through the Golden Gate strait. The Gulf of the Farallones is
one of several “hotspots” for the neurotoxin domoic acid, produced by members of the genus Pseudo-nitzschia.
Despite the close proximity, SFB has few reports of harmful algal blooms and low concentrations of domoic acid,
suggesting that SFB is somehow resistant to toxic blooms. Here we evaluate the potential growth and toxicity of
the dominant toxigenic species in California coastal waters, P. australis and P. multiseries, to directly test the
hypothesis that SFB waters confer resistance to blooms. We specifically evaluate the effect of varying tem-
perature, salinity, and to a lesser extent, nutrients on growth and toxin production. Results show equivalent
growth in SFB water (maximum growth rates of 0.71 and 1.35 d−1 for P. multiseries and P. australis) compared to
open-coast water, and comparable or greater toxicity (0 to > 100 pg DA cell−1). The historical resistance to
blooms in SFB is hypothesized to be caused by a combination of insufficient acclimation time for advected
Pseudo-nitzschia populations to become established and suppression of toxin production in warm waters.

1. Introduction

The toxigenic diatom genus Pseudo-nitzschia (Peragallo) is re-
cognized as a serious harmful algal bloom (HAB) threat globally (re-
viewed by Trainer et al., 2012; Lelong et al., 2012; Bates et al., 2018).
This is especially true along the west coast of North America where a
massive bloom in 2015 resulted in devastating impacts to ecosystem
health, fisheries, and tourism (McCabe et al., 2016). The 2015 event
specifically and toxic blooms generally over the past 2 decades have
been linked to anomalous warm periods within the California Current
System (CCS; McCabe et al., 2016; McKibben et al., 2017). There is also
some evidence that the frequency and intensity of these blooms have
been increasing in California (Lewitus et al., 2012) leading to heigh-
tened concern and increased awareness of coastal ecosystem health.

San Francisco Bay (SFB) is the largest estuary in California, with six
sub-embayments ranging from the low salinity (0–15), river-dominated
North Bay to the lagoonal South Bay where salinities range from 5-35.
Within SFB, Pseudo-nitzschia is commonly observed at concentrations
comparable to open coastal waters (Nejad et al., 2017, 2018) and SFB is
recognized as being dominated by enhanced anthropogenic nutrients
(Sutula et al., 2017). Past studies have linked toxic Pseudo-nitzschia
events in California to anthropogenic nutrients (reviewed by Kudela
et al., 2008, 2010; Lewitus et al., 2012) with good evidence for

promotion of blooms in more enclosed embayments and coastal waters
(Trainer et al., 1998, 2007). Indeed, Howard et al. (2007) identified
outflow from SFB rich in urea as the likely source of enhanced toxicity
for Pseudo-nitzschia in the adjacent Gulf of the Farallones. A recent
statistical analysis of a ˜30 year time series in SFB also provides evi-
dence for increasing susceptibility of SFB to HABs driven in part by
increasing anthropogenic nutrients (Sutula et al., 2017). Dissolved in-
organic nitrogen (DIN) and phosphate concentrations in SFB are equal
to or exceed concentrations in other estuaries, such as Chesapeake Bay,
where nutrient over-enrichment has led to degraded water and aquatic
habitat (Cloern and Jassby, 2012) and where domoic acid is considered
a serious threat (Thessen and Stoecker, 2008; Anderson et al., 2010).
Despite the persistence of Pseudo-nitzschia blooms throughout the CCS
(Trainer et al., 2012; McCabe et al., 2016; Smith et al., 2018), within
SFB there are very few reports of elevated domoic acid toxicity. Domoic
acid is ubiquitous but low in SFB, and even during the 2015 west coast
event, concentrations in water and mussels within SFB remained orders
of magnitude lower than the open coast (Peacock et al., 2018).

The apparent resistance of SFB to domoic acid (and other HABs;
Sutula et al., 2017) leads to several questions, including whether
Pseudo-nitzschia actively grows in SFB or is merely advected in and out
with estuarine circulation, and whether cell growth and toxin produc-
tion is inhibited by some combination of environmental factors unique
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to this ecosystem. More fundamentally, the question arises whether SFB
is naturally resistant to domoic acid events and whether that resistance
will continue into the future. To address these questions, we evaluated
the growth and toxicity as both cell quotas and toxin production rates
for P. australis and P. multiseries isolated from Monterey Bay (Cali-
fornia). Both species are frequently identified in SFB (Nejad et al., 2017,
2018) and are generally considered to be the drivers of HAB events in
California (Bowers et al., 2018; Smith et al., 2018).

Some consistent patterns relevant to estuarine systems emerge when
evaluating the role of environmental conditions on toxin production in
Pseudo-nitzschia. Nutrient stress and trace metal availability consistently
increase DA production, while increasing temperature and salinity are
less consistent but also generally promote DA production (c.f. Lelong
et al., 2012; Trainer et al., 2012; Bates et al., 2018). More recent re-
search has highlighted the interactive effects of these parameters, par-
ticularly nitrogen, temperature and pCO2 (Bates et al., 2018; Tatters
et al., 2018). Both field and laboratory experiments have also con-
sistently identified the stationary phase of growth as maximizing DA
yield, but numerous studies have indicated that DA production also
occurs during exponential growth (e.g. Kudela et al., 2004; Auro and
Cochlan, 2013; McCabe et al., 2016; Radan and Cochlan, 2018).

Given this background, we chose to conduct laboratory manipula-
tions of temperature, salinity, and to a lesser extent nutrients using both
SFB water and coastal (Monterey Bay) water as a base media to de-
termine whether physical factors (temperature, salinity) or chemical
composition of the base water could be a factor in limiting growth and
toxin production within SFB.

2. Materials and methods

2.1. Culture conditions

Two Pseudo-nitzschia species, P. australis MLML-5 and P. multiseries
MW15190C3, were isolated by H. Bowers and A. Woods from Santa
Cruz Municipal Wharf (16-May-2017) and Monterey Wharf (9-July-
2015) respectively. The unialgal, clonal strains were maintained in 33
salinity using seawater obtained from Moss Landing Marine
Laboratories (MLML) aquaculture facility 15 °C ( ± 0.5 °C), 120 μmol
photons m−2 s-1 (determined with a Biospherical Instruments QSL-100
Quantum Scalar Irradiance meter) with 12:12 light:dark cycle using
“cool white” fluorescent lamps in an environmental chamber. Stock
cultures were maintained in 50 ml disposable styrene culture flasks
(Fisher #430168) using MLML seawater at salinity 33.0 amended with
f/2 + silicate (described below) and had been acclimated to these
conditions for over 20 weeks. Experiments were conducted after
transfer and acclimation (approximately 3 weeks) to triplicate bor-
osilicate glass culture tubes for each treatment; experiments were in-
itiated with either the acclimated culture from one of three replicates at
the end of the previous experiment (salinity, temperature manipula-
tions) or from the stock cultures. The approximate initial inoculum was
28,500 cells mL-1. All culturing materials used either sterile disposables
(pipettes, culture flasks) or were acid-cleaned and autoclaved prior to
use. All transfers were conducted in a sterile transfer hood, but cultures
were not axenic. For each experimental treatment samples were col-
lected at varying time points with the terminal sampling occurring at
least two days after stationary growth was achieved (as determined by
fluorescence). Unless otherwise stated, toxicity and biomass are

reported for the terminal sampling event.
Media varied by experiment (Tables 1 and 2). The base cultures

were maintained using seawater obtained from the MLML aquaculture
facility, while water from SFB was obtained from USGS Station 18
(Central Bay; 38° 50.8′N; 121° 25.3′W, referred to as SFB18) and USGS
Station 33 (South Bay; 38° 30.5′N, 121° 7.3′W, referred to as SFB33).
Water was gravity-filtered (0.2-μm, Whatman PolyCap 150) and
maintained at 4 °C in the dark. Prior to use, the base water was pas-
teurized by heating in a 20 l polypropylene carboy to 85 °C for 4 h ex-
cept for one treatment where the effects of pasteurization were as-
sessed. The pasteurized water was amended with f/2 + silicate using
the Bigelow National Center for Marine Algae and Microbiota f/2 media
kit (NCMA MKF250 L). For a subset of experiments the media was
further amended with EDTA, urea, or ammonium using culture-grade
chemicals. EDTA was added at twice the f/2 media concentration (total
EDTA =12.38 mg L−1), while urea and ammonium were added to
approximate SFB water, 1 μM urea (equivalent to 2 μM-N) and 10 μM
ammonium. Nutrient-amended media were kept at 4 °C in the dark
prior to use and was allowed to equilibrate to ambient temperatures
prior to culture transfer. The pH and alkalinity of the media prior to
addition of nutrients were determined with an Orion Star A300 pH
meter and Hach alkalinity kit (24443-01) respectively.

Table 1
Chemical properties of base water (prior to nutrient addition).

NO3
− (μM) PO4

− (μM) Si(OH)4
− (μM) Urea (μM) NH4

+ (μM) pH Alkalinity Salinity

MLML 17.49 0.95 14.87 0.10 0.77 7.78 160 33.0
SFB18 16.54 1.74 89.71 0.79 8.88 7.40 120 24.0
SFB33 50.07 4.71 88.60 1.07 8.93 7.72 140 24.5

Table 2
Summary of experimental conditions used to assess base water and nutrients,
temperature, and salinity for P. multiseries MW15190C3 and P. australis MLML-
5. Experimental conditions not listed, such as irradiance, were held constant as
described in the main text. Salinity (S) is noted for individual entries where
relevant, while base water is referenced as MLML, SFB18, and SFB33. Except
where noted, f/2 + silicate was added to the base water after pasteurization.

P. multiseries MW15190C3 P. australis MLML-5

Nutrient Amendments
Unpasteurized watera 0, 25, 50, 75, 100% SFB18 –
+NH4, +EDTA MLML (S = 24)
+Urea, +EDTA MLML (S = 24)
+EDTA MLML (S = 24)
+EDTA SFB18
+EDTA SFB33

Temperature Experiments
10 MLML (S = 33) MLML (S = 33)
12.5 MLML (S = 33) MLML (S = 33)
15 MLML (S = 33) MLML (S = 33)
18 MLML (S = 33) –
21 MLML (S = 33) MLML (S = 33)
24 MLML (S = 33) MLML (S = 33)
27 MLML (S = 33) MLML (S = 33)

Salinity Experiments
33 MLML MLML
30.75 MLML –
28.75 MLML –
27 MLML MLML
26.25 MLML –
24.5 SFB33 SFB33
24 SFB18 SFB18
24 MLML MLML
22.5 MLML MLML
18 MLML MLML

a Experiment C in Fig. 1.
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2.2. Temperature, salinity, base water scenarios

Temperature growth experiments were conducted in the MLML base
water with f/2+silicate. Temperature was varied by adjusting three
separate environmental chambers to the appropriate temperature,
maintained within ± 0.5 °C, and monitored at 10 min intervals with a
digital logger. Final temperature values were calculated based on the
average temperature for each treatment. Light duration and intensity
were adjusted to comparable values for the three environmental
chambers. P. multiseries MW15190C3 was grown at 10, 12.5, 15, 18, 21,
24, and 27 °C while P. australis MLML-5 omitted the 18 °C treatment. P.
multiseries did not exhibit positive growth above 18 °C, while P. australis
did not exhibit positive growth above 24 °C.

Growth rates and toxicity for P. multiseries MW15190C3 and P.
australis MLML-5 were assessed at multiple salinity levels including
varying percentages of SFB18 or SFB33, up to 100%. Salinity was de-
termined with a YSI EC300 salinity meter (YSI Incorporated, OH).
Salinity treatments were conducted by addition of 18.2 MΩ cm (Milli-Q;
EMD Millipore) water to the MLML base water (salinity 33) to produce
media with salinity of 27, 24, 22.5, and 18. P. multiseries MW15190C3
was grown at 0, 25, 50, 75, and 100% SFB18 water mixed with MLML
water in three separate experiments (labeled A, B, C in Fig. 1), with
experiment C utilizing unpasteurized water. The initial salinity for
SFB18 and SFB33 was 24 and 24.5 respectively resulting in additional
salinity treatments of 30.75, 28.75, and 26.25 for P. australis MLML-5
from the SFB18 dilution treatments where SFB18 water was mixed with
MLML water. P. australis MLML-5 was grown at 0 and 100% SFB18 and
100% SFB33, repeated a second time with 100% SFB18 and SFB33, and
with urea or ammonium added to the MLML base water diluted to
salinity = 24 with Milli-Q, plus addition of EDTA to all treatments
(Fig. 2). For P. multiseries MW15190C3 only 0% and 100% SFB33
treatments were conducted. Attempts to grow both species at 16.5 were
unsuccessful. Thus salinity treatments ranged from 18 to 33, with P.
australis MLML-5 tested at 18, 22.5, 24–24.5, 26.25, 27, 28.75, 30.75,
and 33, while P. multiseries MW15190C3 omitted the full SFB18 dilution
series (salinities of 26.25, 28.75, 30.75,). The full matrix of experi-
mental conditions is presented in Table 2.

Experiments focused on short-term acclimation because our primary
interest was in whether Pseudo-nitzschia advected into SFB would tol-
erate estuarine conditions or whether growth was even feasible; growth
rates and toxicity were therefore assessed after the second transfer at a
given temperature or salinity and cultures were typically not main-
tained beyond two transfers under a given set of conditions. At the end
of the experiment the remaining culture was used to initiate the next
higher temperature or lower salinity treatment. A minimum of two
attempts was made to transfer cells at the tolerance limits for the cul-
tures into the highest temperature and lowest salinity where positive
growth was maintained for two transfers.

2.3. Growth rates

In vivo fluorescence of each replicate culture was measured daily
using a 10AU fluorometer (Turner Designs, CA), with the culture tube
placed directly into the fluorometer after 30 min dark adaptation. Cells
were resuspended with gentle swirling prior to measurement. Discrete
samples for cell counts were collected at various time points (typically
mid-exponential growth) and at the end of each experiment. Samples
(1–3 mL) were fixed with 10% final concentration Lugol’s acidified io-
dine solution and stored at ambient temperature in the dark until being
counted using a Sedgewick-Rafter chamber and a Zeiss Axiovert 200
microscope. Specific growth rates (d−1), lag time (d), and maximal
biomass were calculated using a modified Gompertz model with the
fluorescence data (Tjørve and Tjørve, 2017), while cell counts were
used to calculate toxin per cell. Q10 of growth rates was calculated as:
Q10 = (μ2/μ1)(10/(T

2
-T
1

) where μ1, μ2 are specific growth rates (d−1) at
temperatures (°C) T1, T2 (Chaui-Berlinck et al., 2002).

2.4. Domoic acid analysis

Samples for analysis of domoic acid (DA) were collected at varying
time points, with volumes adjusted based on cell density. Total domoic
acid (tDA) was assessed by collecting 3–10 mL of culture material,
acidifying with formic acid (final concentration 0.25%), and probe
sonicating at 10 W for 30 s using a Fisher Brand D100 sonic dis-
membrator. Dissolved domoic acid (dDA) was determined similarly, but
the culture was first syringe filtered through a 13 mm 0.2 μm PTFE filter
(VWR 28145-491). For both tDA and dDA the sample was cleaned using

Fig. 1. Growth rates for three experiments (labeled A, B, C) using increasing
percentages of SFB18 water and P. multiseries MW15190C3. Error bars represent
standard deviation of replicate or triplicate cultures; the dashed line is a linear
regression using all experimental points. The third experiment (labeled C) used
unpasteurized water.

Fig. 2. Growth rates for P. australis MLML-5 from triplicate cultures in MLML
water (MLML) amended with ammonium or ammonium and urea, or with
SFB18 or SFB33 basewater. Error bars represent one standard deviation.
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BondElut C18 SPE columns (Agilent 12113027) following Wang et al.
(2007) and analyzed by LC–MS with Select Ion Monitoring (SIM) on an
Agilent 6130 system using domoic acid certified reference material
(NRC Canada) as an external standard. Particulate domoic acid (pDA)
was calculated as the difference between tDA and dDA for matched
samples from individual replicate cultures. Cell quotas were determined
by dividing DA concentrations by cell counts from microscopy. DA
production rates (Rtox, pg DA cell−1 d−1) were determined as described
in Zhu et al. (2017): Rtox = eμ • c, where μ and c are growth rate (d−1)
and DA concentration per cell (pg DA cell−1) respectively, with μ de-
rived from the full experimental time-series and c obtained from the
final (stationary) cell quotas. Normalized DA values were calculated
separately for dDA, pDA, and tDA by dividing the appropriate DA value
by the cell density, with the assumption (for dDA and tDA) that there
was no loss from the media due to degradation (e.g. bacterial or pho-
todegradation, Bouillon et al., 2006; Hagström et al., 2007); therefore
the dDA and tDA quotas are based on the accumulated DA normalized
to the cell numbers at a given time point.

2.5. Nutrients

Samples for nutrient analysis were collected from the various base
waters (MLML, SFB18, SFB33) after gravity filtration and stored in pre-
conditioned and cleaned 25 ml polyethylene vials at -20 °C until ana-
lysis for nitrate + nitrite (hereafter referred to as nitrate, NO3

−), silicic
acid (Si(OH)4

−), and phosphate (PO4
−) using a Lachat Instruments

Flow Injection Analysis system (8000 series; Hach Co.) according to the
Quick-Chem1 colorimetric techniques (Smith and Bogren, 2001; Knepel
and Bogren, 2001; Wolters, 2002). Samples for ammonium (NH4

+) and
urea were collected and stored (-20 °C) in 50 ml disposable centrifuge
tubes (Corning #430829) and analyzed using the fluorometric method
(Holmes et al., 1999) with a TD-700 (Turner Designs, Sunnyvale, CA)
fluorometer for ammonium, and a Cary 50 spectrometer (Agilent, CA)
equipped with a 10 cm quartz cell following the method of Price and
Harrison (1987) with modification for a longer (72 h) and lower (21 °C)
digestion temperature (Mulvenna and Savidge, 1992) for urea.

2.6. Ancillary field data

For comparison with natural assemblages of Pseudo-nitzschia, data
were analyzed from the United States Geological Survey cruises be-
tween 2014–2016 from San Francisco Bay, from ˜weekly sampling at
the Santa Cruz Municipal Wharf (36° 57.48′ N122° 1.02′ W) from 2011
to 2018, and from the grow-out experiment described in McCabe et al.
(2016). Field data were obtained from Nejad et al. (2018); Cloern
(2019), and Schraga et al. (2018) for San Francisco Bay and Southern
California Coastal Ocean Observing System (SCCOOS 2018) for Santa
Cruz Municipal Wharf. Unpublished experimental data were available
from the study published in McCabe et al. (2016).

2.7. Statistical analysis

Data processing and statistical analysis used a combination of
Microsoft Excel (Microsoft Corp.), Kaleidagraph (Synergy Software),
and MYSTAT (Systat Software). Results were considered significant
when the p-value was less than α = 0.05 for all tests.

3. Results

3.1. Effect of base media

While there was an apparent positive trend of increasing growth
rate from 0 to 100% SFB18 water for P. multiseries MW15190C3 (Fig. 1),
it was not statistically significant for either the combined data (linear
regression; p = 0.07) or for the effect of dilution (ANOVA with repeated

measures; (p = 0.15). There was also no significant difference in
maximum biomass or lag phase (p > 0.05; ANOVA with repeated
measures). Based on those results, P. australis MLML-5 was subse-
quently grown at 0 and 100% SFB33, and with urea or ammonium
added to the MLML basewater diluted to salinity = 24, plus addition of
EDTA to all treatments (Fig. 2). There was no significant difference in
growth rate (ANOVA, p > 0.05) between 100% SFB18 and 100%
SFB33 base waters for P. australis MLML-5 and P. multiseries
MW15190C3 (Fig. 2) but cultures amended with urea grew significantly
faster (ANOVA, p < 0.05) than the unamended MLML and SFB18

Fig. 3. Growth rates (plotted as biomass versus time) for P. australis MLML-5
with MLML base water diluted with Milli-Q, SFB18, and SFB33, without and
with additional EDTA (A), and growth rates for P. multiseries MW15190C3 and
P. australis MLML-5 at salinity of 33 and 22.5 using MLML base water with
Milli-Q (B). Symbols represent the mean daily values from replicate (3x) cul-
tures; error bars have been omitted for ease of visual interpretation of the
patterns.
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water (note that SFB18 had less urea than SFB33 prior to amendment;
Table 1). There was no significant difference in maximum biomass
(p > 0.05; ANOVA with repeated measures) across treatments. With
the addition of EDTA the lag phase in SFB33 media was reduced from
12 to 0 days (Fig. 3A), while addition of EDTA had no effect on the lag
phase for MLML or SFB18 base media, and growth rates and maximum
biomass were not statistically different (p > 0.05). Lowering salinity to
22.5 also increased the lag phase to ˜12 days for P. multiseries
MW15190C3 (Fig. 3B).

Domoic acid concentration varied considerably with base media in
both P. multiseries MW15190C3 and P. australis MLML-5 (Fig. 4) but
with markedly different responses. For P. multiseries MW15190C3, in-
creasing the concentration of SFB18 water increased toxicity but the
increase was not statistically significant (p = 0.11; ANOVA with re-
peated measures). When normalized to cell number there was a strong
effect of dilution for tDA and pDA (p < 0.001) for P. multiseries
MW15190C3. For P. australis MLML-5, there was no difference between
SFB18 and SFB33 but MLML media with or without added urea and
ammonium was significantly higher for tDA and pDA (p < 0.01;
ANOVA). When normalized to cell number, the differences were still
significant for pDA (p = 0.015) and tDA (p = 0.019).

3.2. Effect of salinity

Growth rates and toxicity for P. multiseries MW15190C3 and P. australis
MLML-5 were assessed at multiple salinity levels. As described for the di-
lution experiments, there was no significant effect of salinity (to a salinity
of 24) on growth, biomass, or lag phase for either species. Adding the two
lowest salinity levels increased the lag phase from an average of 3.5 days
for P. multiseries MW15190C3 and 1.2 days for P. australis MLML-5 at
salinities 24–33 to 11.5 and 12.1 days respectively at salinity 18.

As reported in §3.1, there was no significant difference in tDA or
pDA concentration as a function of dilution with SFB18 base media for
P. australis MLML-5, while P. multiseries MW15190C3 exhibited reduced
toxin production. When the data were reanalyzed across all treatments
that utilized salinity manipulations, including dilution of MLML media
to salinity = 24, there was no significant difference for P. australis
MLML-5 in tDA or pDA concentration or cell quota as a function of
dilution (salinity), although there was a trend of increasing tDA per cell
with decreasing salinity (Fig. 5). In contrast, P. multiseries MW15190C3
exhibited a statistically insignificant trend for increasing tDA with in-
creasing salinity (linear regression using data from Fig. 4; p = 0.11) and
highly significant effect of salinity for tDA (Fig. 5) and pDA normalized
to cell number (p < 0.001; ANOVA with repeated measures).

Fig. 4. Domoic acid concentrations (ng L−1) for P. multiseries MW15190C3 (A) and P. australis MLML-5 (B) for particulate (shaded) and dissolved (open) domoic acid,
and corresponding cell quotas (pg DA cell−1) for P. multiseries MW15190C3 (C) and P. australis MLML-5 (D). For panel C, color of the bar denotes particulate DA
quotas for individual experiments (total DA is not shown); for panel D, open and shaded bars are particulate and total DA quotas respectively. For all plots error bars
represent one standard deviation of replicate cultures.
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3.3. Effect of temperature

P. australis MLML-5 and P. multiseries MW15190C3 growth rates
increased from minima of 0.27 ± 0.09 and 0.10 ± 0.01 d−1 at 10° re-
spectively to a maximum of 1.35 ± 0.25 at 27° for P. australis MLML-5,
and 0.71 ± 1.11 d−1 at 20° for P. multiseries MW15190C3 (Fig. 6). This
represents Q10 values of 2.73 and 7.97 respectively. Narrowing the
range to the more linear part of the temperature response curve for P.

Fig. 5. Total domoic acid cell quotas (tDA; pg cell−1) for P. australis MLML-5
(grey bars) and P. multiseries MW15190C3 (dark bars) across tested salinity
range. Error bars represent one standard deviation of replicate cultures. Salinity
was adjusted by dilution of MLML or SFB water by combining the base media
and/or Milli-Q water (c.f. Table 2).

Fig. 6. Growth rate as a function of temperature for P. australis MLML-5 (solid
diamonds) and P. multiseries MW15190C3 (solid triangles) compared to data
reported in McCabe et al., 2016 (circles) and Zhu et al., 2017 (open squares).
The dashed lines are cubic spline fits for each dataset (the McCabe et al., 2016
spline fit is for the three strains 200A, 312, and 319), while the error bars
represent one standard deviation for the replicate cultures (omitted from Zhu
et al., 2017). Growth rates for P. australis MLML-5 and P. multiseries
MW15190C3 used MLML base water.

Fig. 7. Temperature effect on total domoic acid for P australis MLML-5 (A;
black) and P. multiseries MW15190C3 (A; grey); cellular DA quotas for parti-
culate (B; black) and dissolved domoic acid (B; grey) in P. australis MLML-5, and
for particulate (B; white) and dissolved (B; stippled) DA in P. multiseries
MW15190C3; fraction of total DA that was in the dissolved phase for P. australis
MLML-5 (C; black) and P. multiseries MW15190C3 (C; grey). Error bars re-
present one standard deviation of replicate cultures.
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multiseries MW15190C3 (12-18°) reduces the Q10 to what is likely a
more reasonable value of 3.09. Above the optimal temperature, both
strains exhibited a rapid decrease in growth rate and could not suc-
cessfully be maintained at 25° for P. multiseries MW15190C3 and 30° for
P. australis MLML-5. There was no significant effect of temperature on
lag phase (p > 0.05) for either strain when using all data, but at 10 °C
both strains increased the lag phase to > 10 days compared to an
average of 2.5 days for all other temperatures.

Total, dissolved, and particulate DA concentrations generally de-
creased with increasing temperature with no detectable toxin above
24 °C, and no detectable dDA above 21 °C (Fig. 7A). Cell quotas fol-
lowed the same pattern (Fig. 7B), with significant decreases in cell
quota for pDA and tDA in P. australis MLML-5 (p < 0.01) and the same
(but not significant) trends for P. multiseries MW15190C3. The ratio of
dissolved to total toxin was also strongly influenced by temperature
(Fig. 7C), with a significant (p < 0.05) trend of decreasing fraction of
dDA (percent of tDA) with increasing temperature for both strains.

Data from SFB were also evaluated to examine the realized niche in
temperature-salinity space (i.e. under what conditions Pseudo-nitzschia
are present). The realized niche ranged from 23.64 to 32.90 salinity,
and 10.98–23.00 °C for surface (2 m) samples (Fig. 8; Nejad et al., 2018;
Cloern and Schraga, 2016; Schraga et al., 2018). Production of pDA
generally increased with decreasing salinity and decreasing tempera-
ture (Table 3) but was variable. The effect of urea and NH4

+ was only
directly tested on P. australis MLML-5 but was indirectly manipulated in
P. multiseries MW15190C3 since the SFB18 water used for dilution had
more NH4

+ and urea than the MLML base water. Production values
were overlapping (not significantly different) when comparing MLML
water versus amended media (at S = 24) for P. australis. For P. multi-
series multiple linear regression identified only salinity as a significant
factor, with ammonium concentrations as a weak (p = 0.094) but not
significant factor.

3.4. Domoic acid cell quotas and production

P. australis MLML-5 and P. multiseries MW15190C3 exhibited a large
range for toxin per cell, with pDA cell quotas ranging from 0 to >
100 pg DA cell−1 and tDA quotas exceeding 200 pg DA cell−1. To as-
sess whether this range is representative of natural populations, data
were compared to cell quotas from Santa Cruz Municipal Wharf for

2010–2018 (Fig. 9). Cell quotas from these experiments were well
within the range of variability observed at this site (mean = 41.4,
median = 17.1 pg cell−1, n = 205). During the 2015 event, reported
cell quotas at mid-exponential growth ranged from ˜7 to 21 pg cell-1

(McCabe et al., 2016), but maximum quotas (stationary phase) ranged
from 107 to 302 pg cell−1 (unpublished data), also consistent with

Fig. 8. Observed cell density (cells mL−1) for San Francisco Bay from the USGS
time series, 2014–2016, plotted in temperature-salinity space. Size of the
symbols is proportional to cell density observed from microscopy counts for
surface (< 5 m) water depth.

Table 3
Particulate domoic acid production rates (pg DA cell−1 d−1) at stationary phase
as a function of treatment. Standard deviations are provided in parentheses.
Bold salinity values were based on dilution of SFB18 water with MLML water,
and therefore include manipulation of salinity and nutrients.

P. multiseries MW15190C3
(SD)

P. australis MLML-5
(SD)

Base Water
MLML 5.66 (0.85) 26.16 (10.81)
SFB18 39.66 (28.22) 2.14 (1.52)
SFB33 – 2.33 (1.82)
MLML + NH4

+ (S = 24) – 17.76 (8.27)
MLML + Urea (S = 24) – 40.31 (19.63)

Salinity
33 5.86 (1.53) 10.00 (67.61)
30.75 8.86 (3.58) –
28.75 19.75 (3.44) –
27 16.80 (4.74) –
26.25 38.64 (9.41) 36.02 (23.82)
24a 39.66 (28.22) 35.75 (24.22)
22.5 40.36 (6.30) 47.39 (23.22)
18 55.56 (13.09) 106.96 (42.92)

Temperature (°C)
10 33.23 (28.72) 18.26 (1.96)
12.5 156.95 (44.50) 33.53 (9.93)
15 8.88 (0.89) 9.49 (13.33)
18 9.39 (1.04) –
21 0.00 (0.00) 5.74 (1.83)
24 0.00 (0.00) 2.92 (0.59)
27 0.00 (0.00) 0.00 (0.00)

a Salinity = 24 includes both MLML base water diluted with Milli-Q and
SFB18 water.

Fig. 9. Cell quotas (pg DA cell−1) for toxigenic Pseudo-nitzschia from 2011 to
2018 at the Santa Cruz Municipal Wharf by month. Bars represent 25–75%
quartiles with the solid horizontal lines indicating the median and the bars
representing the 5 and 95% range, and the open circles representing statistical
outliers.
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these laboratory results. Finally, cell quotas from 2015 for SFB ranged
from 0 to 15.5 pg cell−1.

4. Discussion

SFB is physically connected to the open California coast and
therefore to a source of Pseudo-nitzschia. The Central Bay is essentially
marine water, with rapid mixing with the Gulf of the Farallones, re-
sulting in salinity and temperature comparable to the Gulf of the
Farallones. Nutrients are not typically considered limiting in SFB; in-
deed a trend towards increasing sensitivity to nutrient over-enrichment
(Sutula et al., 2017) has been hypothesized. Irradiance is certainly a
significant factor in controlling phytoplankton growth and community
structure in SFB (Alpine and Cloern, 1988; Cloern, 1996; Cloern et al.,
2017). While irradiance was not manipulated in this study, total irra-
diance of 5.84 mol photons m−2 d-1 for cultures represents ˜10-30% of
surface irradiance for representative sites in SFB (Alpine and Cloern,
1988; Cloern, 1996), and SFB is generally dominated by diatoms
(Cloern and Dufford, 2005). For P. multiseries and P. australis the few
studies that have directly examined the effect of irradiance identified a
value of 100 μmol photons m−2 s-1 or higher as sufficient for growth
and DA production (Bates, 1998; Cochlan et al., 2008). Toxicity gen-
erally increases with increasing irradiance (c.f. Lelong et al., 2012) and
the majority of SFB would remain above the 100 μmol photons m−2 s-1

threshold under typical conditions. P. multiseries is also capable of
surviving for weeks with no light (Mengelt and Prézelin, 2002), sug-
gesting that irradiance is not the primary factor limiting Pseudo-nitz-
schia growth in SFB but may be influencing DA production at high le-
vels, which may in turn promote dark survival. Thus the question
remains as to why SFB is resistant to toxic blooms of Pseudo-nitzschia
(Peacock et al., 2018), even during periods such as 2015 when there
was a large source of toxigenic cells with direct connection to SFB
(McCabe et al., 2016). Therefore, the focus of these experiments was to
determine if some property of SFB water inhibits Pseudo-nitzschia
growth or toxin production and whether this condition (or conditions)
are likely to be maintained in the near future.

4.1. Salinity

Based on the culture experiments, Pseudo-nitzschia isolated from
coastal California could grow in SFB water across a reasonably broad
range of salinities (18–33). This laboratory range is consistent with field
data where observations of cell presence identified Pseudo-nitzschia
within a narrower realized niche (Fig. 9; ˜23–33 salinity). Thessen et al.
(2005) reported a similar range of 15–40 and 25–30 salinity for P.
multiseries MU1 and MU7, also isolated from Monterey Bay. Our results
are entirely consistent with the assertion that Pseudo-nitzschia is eur-
yhaline and halotolerant (Lelong et al., 2012) but with considerable
species and strain variability (Thessen et al., 2005; Lelong et al., 2012;
Pednekar et al., 2018).

Very few studies have examined the effect of salinity on DA pro-
duction. Doucette et al. (2008) examined growth and toxicity for P.
multiseries MU7 at 10, 20, 30, and 40 salinity, but in contrast to this
study, allowed the cultures to become fully acclimated with at least 6
generations for each treatment. Cell quotas for DA (tDA, dDA, pDA) and
DA production rates were highest at 30–40 salinity in that study. The
authors proposed that DA production declined at lower salinity values
in response to energy partitioning towards osmotic balance. Pednekar
et al. (2018) conducted experiments with P. pungens SP-1 isolated from
western India, and reported similar trends of increasing tDA and pro-
duction with increasing salinity, corresponding to maximal growth
rates at 15–30 salinity. Ayache et al. (2019) used abrupt salinity shocks
with P. australis IFR-PAU-16.1 and IFR-PAU-16.2. They reported that
there was considerable interspecific variability, with DA both in-
creasing and decreasing with salinity, and considerable release of dDA
in part due to abrupt osmotic shock lysing cells.

In contrast to these previous findings our data show an increase in
DA with decreasing salinity with the highest cell quotas and production
at the lowest salinity tested (Table 3). However, the patterns were not
statistically consistent between species or when partitioning DA into
tDA, pDA, and dDA. Given the very few number of studies and the
considerable species and strain variability it is difficult to generalize
from these experiments, particularly because some (Doucette et al.,
2008; Pednekar et al., 2018) used fully-adapted cell cultures, Ayache
et al. (2019) used abrupt salinity shifts, and our study was in between,
with 2 transfers and gradual reduction in salinity. Bates (1998) sug-
gested that DA may serve as an osmolyte, but none of these studies
(Doucette et al., 2008; Ayache et al., 2019; Pednekar et al., 2018) could
confirm that it is used as such. It is still possible that DA production is
modified by energetic constraints (Doucette et al., 2008), but there was
no statistically significant effect of salinity on growth in our study. If DA
production were down-regulated to maintain high growth rates we
would expect DA production and accumulation to decrease with de-
creasing salinity, which we did not observe. With regards to Pseudo-
nitzschia and DA in SFB we conclude that salinity is not a barrier for
maintenance of Pseudo-nitzschia in the system, as typical salinities for
SFB (Fig. 8) would not suppress growth rates or toxin production. We
do note however that at the lowest tested salinity the lag phase in-
creased from a few days to ˜12 days (Fig. 3B), suggesting that low
salinity may act as a barrier to establishment of Pseudo-nitzschia in the
fresher sub-embayments.

4.2. Temperature

Temperature has become a key parameter of interest in the reg-
ulation of Pseudo-nitzschia blooms and toxicity along the U.S. west
coast, because there is support for a correlation between warm oceanic
periods driven by basin-scale oscillations (El Niño, Pacific Decadal
Oscillation) and increased abundance and domoic acid accumulation
for this region (McCabe et al., 2016; McKibben et al., 2017). The genus
Pseudo-nitzschia exhibits a very wide range of temperature tolerance,
from at least -1.5 °C to 30 °C (reviewed by Bates, 1998; Lelong et al.,
2012). Earlier work identified a general trend of increasing DA with
increasing temperature (Lewis et al., 1993; Bates et al., 1998), con-
sistent with the assertion that warm events drive toxic blooms. This
relationship appears to hold for the northern CCS but not the southern
CCS. Sekula-Wood et al. (2011) found no relationship between Pseudo-
nitzschia abundance, toxicity, and El Niño for a time series in the Santa
Barbara Channel, while Barron et al. (2010) suggested anthropogenic
activity on geological timescales in the Santa Barbara Basin is more
closely linked to the emergence of the Santa Barbara Channel as a
“hotspot” in the last few decades.

Conflicting evidence for the role of temperature in the southern CCS
also emerges from comparison of field observations and experimental
manipulations. Smith et al. (2018) compiled 15 years of field data and
reported that significant DA was never recorded at temperatures > 19
°C. Ryan et al. (2017) similarly reported that peak toxicity in Monterey
Bay during the 2015 Pacific warm anomaly was associated with a re-
turn to climatologically “cooler” conditions, when P. australis domi-
nated (Bowers et al., 2018). In contrast, Zhu et al. (2017) isolated P.
australis S7 from Southern California and reported that it did not begin
to produce DA until 23 °C with maximum production at 30 °C, despite
declining growth rate. This apparent contradiction could easily be ex-
plained by the small number of strains that have been tested, suggesting
that warm-adapted variants of P. australis occur at background con-
centrations in the southern CCS and perhaps elsewhere but are not
(currently) dominant. There are fewer studies of P. multiseries, but both
Lewis et al. (1993) and Tatters et al. (2018) reported increasing toxicity
with increasing temperature for this species.

Our results for growth are consistent with those reported by Zhu
et al. (2017). As noted in that study, the McCabe et al. (2016) growth
rates are considerably higher, but were conducted under much higher
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light levels (250 μmol photons m−2 s-1) compared to this study
(120 μmol photons m−2 s-1) and Zhu et al., 2017 (150 μmol photons
m−2 s-1). Despite the different temperature optima, calculated Q10 va-
lues from the three studies generally converged, with calculated values
of 3.3–4.5 for 7–15 °C (McCabe et al. (2016), 3.3 (Zhu et al., 2017), and
2.73–3.09 (this study), comparable to a Q10 value of 2.11 for P. mul-
tiseries between 15–25 °C (Lewis et al., 1993). All studies therefore
concluded that growth rate increases rapidly with warming until
reaching a critical temperature between 20–30 °C depending on species
and strain. During the 2015 Pacific Warm Anomaly, sea surface tem-
peratures in the CCS were 4–5 °C above normal (Bond et al., 2015; Zaba
and Rudnick, 2016). That increase in temperature would result in
considerably enhanced growth for Pseudo-nitzschia, as well as a range
shift towards more northern waters, since the warming would shift the
northern CCS towards the temperature optima for Pseudo-nitzschia.

The critical question is what the upper thermal limit is for the
species and strains occupying the CCS, and in particular the southern
CCS. Our results are consistent with Smith et al. (2018) suggesting that
above ˜20–25 °C Pseudo-nitzschia will not be dominant in field assem-
blages. For SFB specifically, Peacock et al. (2018) reported that SFB
exhibited mean temperatures of 16–20 °C for the 2015 water year with
peak (record-breaking) temperatures in Central Bay of > 20 °C in Au-
gust 2015. In Monterey Bay, peak bloom activity and toxicity occurred
at temperatures of 10–15 °C (Ryan et al., 2017; Gentemann et al.,
2017). In the Pacific Northwest, temperatures increased to 16-18°
(McCabe et al., 2016), within the optimal thermal niche for P. australis,
the dominant bloom-forming organism during 2015 (McCabe et al.,
2017; Bowers et al., 2018).

Our results also suggest that maximum DA accumulation and pro-
duction occurs at cool temperatures (10–15 °C), in contrast to P. aus-
tralis S7 (Zhu et al., 2017). Our results are again consistent with field
observations, where maximal DA was associated with cool (warm)
waters in the southern (northern) CCS (McCabe et al., 2016; Ryan et al.,
2017; Smith et al., 2018), with little to no DA at temperatures ex-
ceeding ˜20 °C (Smith et al., 2018; Peacock et al., 2018). We also note
that Lewis et al. (2018) observed a decrease in both cell density and
domoic acid and an increase in the fraction of dDA for cells grown at
22 °C compared to 16 °C and 20 °C for P. multiseries CLNN-16 (isolated
from Atlantic Canada). In contrast to most previous studies our results
demonstrate decreasing DA accumulation and production with in-
creasing temperature, and a corresponding decrease in the fraction of
dDA in the tDA pool. This is again consistent with the compilation of
field data for California (Smith et al., 2018) which documented vir-
tually no pDA above 19 °C, and maximal pDA values between ˜12–17 °C
(dDA was not reported).

4.3. Domoic acid cell quotas and production

Cell quotas were variable but high compared to previous reports. P.
australis has been reported to range from 0.026 to 37 pg cell−1 in cul-
ture, while P. multiseries ranged from 0.021 to 67 pg cell-1 (summarized
in Trainer et al., 2012) with more recent values for P. multiseries re-
ported to be as low as 10.9 fg cell (Martin-Jézéquel et al., 2015),
compared to a maximum of 89.48 ( ± 34.30) and 124.59 ( ± 15.35) pg
cell−1 respectively for these experiments. While elevated, these values
are consistent with field assemblages. For example, Ryan et al. (2017)
reported maximum estimated values of 100 pg cell−1 in Monterey Bay
(CA) during the 2015 warm anomaly, Trainer et al., 2009a,b reported
63 pg cell−1 in the Juan de Fuca eddy, Umhau et al. (2018) reported a
maximum cellular DA of 1400 pg cell−1 for the Santa Barbara Basin,
and estimated cell quotas for Santa Cruz Municipal Wharf (Fig. 9) ex-
ceeded 100 pg cell−1 (not including statistical outliers, which were
much higher). Cell quotas were variable but not completely suppressed
when using SFB18 or SFB33 base water (Fig. 4), suggesting that SFB
water does not naturally completely inhibit domoic acid production.
While there are relatively few measurements of both Pseudo-nitzschia

and particulate toxin from natural assemblages of SFB, the maximum
measured quota of 15.5 pg cell−1 during 2015 suggests that native
populations in SFB are capable of reaching typical toxin values ob-
served in other systems and in culture.

Summarizing across all treatments, DA production varied con-
siderably, with P. multiseries MW15190C3 ranging from 0 to 156.95 pg
cell−1 d-1 (median = 16.80, mean = 28.90 pg cell−1 d-1) while P. aus-
tralis MLML-5 ranged from 0 to 106.96 pg cell−1 d-1 (median = 18.01,
mean = 24.07 pg cell−1 d-1). This is considerably higher than produc-
tion rates for comparable CCS isolates. Zhu et al. (2017) reported a rate
of ˜7 pg cell d-1 for P. australis S7, while a natural assemblage of Pseudo-
nitzschia on the Washington coast produced 0.075-0.080 pg cell-1 d-1

(calculated using average growth rates and cell quotas from day 1 for
nitrate, ammonium, and urea additions as reported in Radan and
Cochlan, 2018). In contrast, calculated production rates from the nat-
ural assemblages dominated by P. australis in Monterey Bay during
2015 (McCabe et al., 2016) ranged from 13.11 to 38.15 pg cell-1 d-1,
bracketing the median and mean values obtained for the isolates P.
australis MLML-5 and P. multseries MW15190C3, the latter which was
also isolated from Monterey Bay during the 2015 warm anomaly.

The effect of SFB base water differed for the two species. Toxin
production increased considerably for P. multiseries MW15190C3 grown
on SFB18 water (Table 3), while toxin production was suppressed but
still comparable to other studies (˜2 pg cell d−1) for P. australis MLML-5
grown on both SFB18 and SFB33 base water. It is unclear what the
specific mechanism(s) were for the effect of SFB water; there were not
statistically significant differences with separate nutrient (ammonium,
urea) additions, but adjusting salinity independently resulted in in-
creases in DA production for both species, rather than suppression of
DA production as was seen for P. australis MLML-5. Regardless of the
mechanism the results again demonstrate that there is not consistent
suppression of DA production in SFB water or as a response to manip-
ulation of the salinity and nutrient composition. There is therefore no a
priori reason to expect lower DA values for SFB compared to the open
coast.

Very few studies have examined the relative partitioning of dDA and
pDA. Based on Peacock et al. (2018), dDA is prevalent throughout SFB,
even when pDA and mussel contamination are undetectable. Van
Meerssche et al. (2018) found that dDA (and salinity) may have an
allelopathic effect on other estuarine phytoplankton, but that study also
reported conflicting correlations between dDA and salinity. Pseudo-
nitzschia abundance and dDA were positively correlated, and both were
correlated with increasing salinity in field observations, but there was a
negative correlation with salinity for released DA in both field assem-
blages and bottle experiments. Umhau et al. (2018) reported strong
correlations between pDA and dDA for natural assemblages in the Santa
Barbara Basin and argued that dDA must have a similar half-life
(months) in natural waters as pDA, arguing for the importance of dDA
in the environment, and potentially explaining the ubiquity of dDA in
SFB.

Maldonado et al. (2002) suggested that dDA was actively released
from cells in response to metal stress as either iron limitation or excess
copper. They speculated that DA may support a dual role in acquiring
iron while detoxifying copper, although Lelong et al. (2012) reported
that DA production in P. multiseries was not modified by copper ex-
posure. In contrast, Fuentes and Wikfors (2013) reported synergistic
effects between silicate and copper in P. multiseries, with both tDA and
the fraction of dDA greatly enhanced with high silicate and high copper
concentrations. In this study the percentage of dDA was substantially
higher for the same salinity and with f/2 nutrients when comparing
MLML, SFB18 and SFB33 base waters, with 62, 73, and 87% dDA re-
spectively. With the addition of double EDTA the percentage dropped to
66% for SFB33 water. While not conclusive, these results are consistent
with DA release from the cell acting as a chelator for metal(s) in the
media that lengthened the lag phase for cells transferred into SFB33
water.
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4.4. Increased lag time in San Francisco Bay water

While there were no consistent differences in growth, toxin pro-
duction, or cell quotas for P. multiseries MW15190C3 and P. australis
MLML-5 that would account for resistance of SFB to toxic blooms,
significant increases in lag phase of growth were observed for several
treatments. Specifically, lag time increased to ˜10–12 days at very cold
(10 °C) temperatures for both species, and also increased to ˜11–12 days
at salinity 18. For P. australis MLML-5 (P. multiseries was not tested),
growth in 100% SFB33 base water also increased the lag time to 12
days (Fig. 3). This lag disappeared with the addition of extra EDTA,
while no lag was evident (with or without extra EDTA) in MLML and
SFB18 water. Chemical analysis beyond the basic parameters tested
(Table 1) was not possible, but the dramatic effect of doubling the
EDTA strongly suggests that some sort of trace metal inhibition was
likely for the South Bay waters.

As discussed by Sahraoui et al. (2012), estuarine and lagoon systems
such as Chesapeake Bay, parts of the Mediterranean, and the Gulf of
Mexico may be particularly susceptible to toxic Pseudo-nitzschia blooms
given typically elevated nutrients, long hydraulic retention times, and
enclosed morphology. Toxic blooms of Pseudo-nitzschia are frequently
associated with retentive regions (e.g. Anderson et al., 2006, 2011;
Trainer et al., 2009a,b; Fawcett et al., 2007; Berdalet et al., 2017) in-
cluding formation of thin layers (e.g. Rines et al., 2002, 2010; Velo-
Suarez et al., 2008). Previous studies have documented the importance
of wind events (Lucas et al., 2014; Louw et al., 2016) and tidal forcing
on scales of hours to weeks in controlling Pseudo-nitzschia blooms (Díaz
et al., 2014), suggesting that hydrological control of estuarine circula-
tion may be key to bloom formation. Based on results for SFB, there is
presumably interplay between physiological adaptation to changing
coastal conditions, competition and hydrological residence time.

While every system is to some extent unique, it is instructive to
compare the lack of toxic blooms in SFB with Chesapeake Bay, where
domoic acid is frequently detected (Thessen and Stoecker, 2008) and is
a serious threat (Thessen and Stoecker, 2008; Anderson et al., 2010).
Although present year-round in Chesapeake Bay, abundance of Pseudo-
nitzschia peaks seasonally with low temperatures and salinity greater
than 10 (Thessen and Stoeker, 2010) suggesting that, similar to SFB,
there is a specific set of environmental conditions leading to blooms.
Unlike SFB, Chesapeake Bay has a very long residence time, averaging
180 days (Du and Shen, 2016), which is more than long enough for
acclimation of resident or introduced populations of Pseudo-nitzschia.
Thessen et al. (2005) reported very long lag phases in growth with step
changes in salinity for P. multiseries, while Martin-Jézéquel et al. (2015)
similarly reported longer lag phases for P. multiseries exposed to am-
monium in culture experiments. Results from this study suggest pro-
longed acclimation is required when exposed to typical estuarine (ele-
vated nutrients and metals, variable temperature and salinity)
conditions.

4.5. Environmental variability as a regulator of Pseudo-nitzschia in SFB

Returning to the fundamental question as to why there are not more
toxic Pseudo-nitzschia blooms in SFB, we hypothesize that typical en-
vironmental conditions would result in both an increase in the lag time
for cells introduced from the coastal ocean in response to lowered
salinity and exposure to copper or other inhibitory metals, while
warmer temperatures would suppress toxin production. San Francisco
Bay residence time is highly dependent on river flow and season,
varying from 1 day to about two months, with longer residence times in
South Bay and much shorter residence times in the central and northern
basins (Cloern et al., 2017). Given a 10–12 day lag in growth it is
reasonable to assume that a combination of salinity and chemical in-
hibitors could keep coastal Pseudo-nitzschia from establishing a resident
population. This is also consistent with microscopy (Nejad et al., 2017),

with Pseudo-nitzschia spp. very common in Central Bay (direct exchange
with the coastal ocean), less common in South Bay (inhibition by me-
tals), and fairly rarely observed in the northern (low salinity, shorter
residence time) bays. In our study Pseudo-nitzschia was eventually able
to adapt to changing conditions (temperature, salinity, base water) but
in SFB it is presumably fairly rare for a given water mass to retain its
physical and chemical characteristics for the 10–12 days that it takes for
these strains to adapt in culture.

Berg et al. (2017) recently compared growth rate of several common
phytoplankton genera isolated from SFB and grown under comparable
conditions (SFB water amended with f/2 media at similar irradiance) as
this study. Growth rates varied from ˜0.4 – 1.0 d−1 depending on ni-
trogen source and concentration. At 15 °C (the temperature used in Berg
et al. 2016), Pseudo-nitzschia growth rates were comparable to but
lower than the diatoms Entomoneis paludosa, Thalassiosira weissflogii,
Asterionella ralfsii, and Fragilaria capucina grown on NO3-, suggesting
that Pseudo-nitzschia might also simply be out-competed at moderate
temperatures within SFB. As temperatures increase our results suggest
that toxin production would also decline, resulting in Pseudo-nitzschia
remaining a minor component of the overall diatom assemblage while
tDA decreased. Combined with increasing lag time for Pseudo-nitzschia
in response to estuarine conditions it is reasonable to conclude that
Pseudo-nitzschia is simply not the most competitive organism under
typical historical conditions within SFB. This is again consistent with
observations from the USGS time-series, which document occasional
increases in Pseudo-nitzchia abundance but no widespread blooms
(Nejad et al., 2017). We suggest that Pseudo-nitzschia is capable of
growing in a wide range of coastal/estuarine conditions but that a
primary limitation on bloom formation in estuaries is related to this
prolonged acclimation period and intrinsic growth rates (physiological
control) versus retention (hydrological control).

4.6. Summary

Two representative coastal isolates of Pseudo-nitzschia exhibited
reasonable growth rates and comparable or enhanced toxicity com-
pared to growth and toxicity of the same species grown with coastal
base water. There does not appear to be any one environmental factor
limiting the occurrence of toxic Pseudo-nitzschia blooms in SFB. Pseudo-
nitzschia exhibits broad tolerance to both temperature and salinity and
is not uncommon in SFB, but a combination of estuarine circulation,
lower salinity, chemical inhibition, and competition with other resident
diatoms may preclude establishment of a resident population due to
insufficient time for advected populations to adapt to estuarine condi-
tions. The warm dry period characteristic of SFB in 2015 resulted in a
significant increase in DA in resident mussels, and those conditions
would enhance growth rates and prolong potential residence time of
Pseudo-nitzschia in the Bay. However, this shift in conditions was ap-
parently insufficient to allow Pseudo-nitzschia to become dominant in
SFB waters, while the warm temperatures likely suppressed toxin pro-
duction which led to much lower overall toxicity compared to the open
coast.

The Bay’s historical resilience to blooms may change in the future
(Sutula et al., 2017), and based on our results, given sufficient time to
adapt, Pseudo-nitzschia is very capable of maintaining high growth rates
within SFB with enhanced toxicity from lower salinity and exposure to
the chemical makeup of SFB water. Despite the historical resilience
there is still good evidence for routine exchange of cells and/or toxin
with the coastal ocean (Peacock et al., 2018) providing SFB with a
consistent source population of Pseudo-nitzschia to grow and produce
considerable amounts of toxin. It would therefore be unwise to assume
that SFB will maintain its resilience, particularly if more warm-adapted
species (Zhu et al., 2017) emerge from the background population at
some point in the future.
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