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a b s t r a c t

Harmful algal blooms (HABs) can threaten animal and human health through the production of toxins
such as domoic acid. These blooms have become more frequent and toxic over the last few decades. In
this study, we investigate the role that nutrients play in a toxic, subsurface bloom of Pseudo-nitzschia in
northeastern Monterey Bay, California. Profilers and towed instruments were deployed and laboratory
analyses of discrete water samples were conducted to describe the physical and biogeochemical
conditions of the sampling site and to characterize the bloom. The subsurface Pseudo-nitzschia bloom
occurred within a well-defined layer, containing high levels of domoic acid. In situ images taken within
the layer revealed diatom flocs—indicators of nutrient stress. Nutrient ratios and alkaline phosphatase
activity, commonly used to determine the nutritional status of phytoplankton, suggest that the Pseudo-
nitzschia cells were phosphate stressed, and we speculate that this physiological stress led to increased
toxicity of the bloom. Understanding how frequently blooms such as these are characterized by nutrient
stress could improve our ability to predict the occurrence of HABs. With increased anthropogenic input
of nutrients, such blooms could occur more often and with greater degrees of toxicity in the future.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Harmful algal blooms (HABs) are a proliferation of photosynthetic
organisms that have detrimental ecological and environmental
impacts (Glibert et al., 2005). HABs may threaten animal and human
health through the production of toxins such as domoic acid (DA)
(Marchetti et al., 2004; Backer and McGillicuddy, 2006; Lefebvre and
Robertson, 2010). Domoic acid is a neuroexcitatory amino acid (Buck
et al., 1992), and species of the diatom genus Pseudo-nitzschia are
among a number of organisms capable of producing it (Subba Rao
et al., 1988; Bates et al., 1989; Mos, 2001; Lefebvre and Robertson,
2010). DA is the cause of amnesic shellfish poisoning in humans
caused by consumption of contaminated shellfish (Work et al., 1993;
Backer and McGillicuddy, 2006; Kvitek et al., 2008).

HABs have become more frequent and toxic over the last few
decades (Glibert et al., 2005; Lefebvre and Robertson, 2010; Sellner
et al., 2003). Factors responsible for the increased occurrence
could be a combination of natural changes (e.g. species dispersal),
anthropogenic changes (e.g. nutrient loading) and/or an improved
ability to detect HABs (Glibert et al., 2005). Advances in technology

and more frequent sampling contribute to the increased observa-
tions of toxic blooms, but cannot account for the total escalation of
these events (Glibert et al., 2005). We now know that, due in part
to anthropogenic activities, Pseudo-nitzschia HABs are becoming
increasingly common in areas where they once were rare (Parsons
et al., 2002).

The Global Ecology and Oceanography of Harmful Algal Blooms
(GEOHAB) program was established to develop a comprehensive
understanding of the “mechanisms underlying the population
dynamics of harmful algal blooms” (GEOHAB, 2008). ‘Stratified
Systems’ is a core research project within GEOHAB that pursues
the objective of observing HAB dynamics in highly stratified
coastal marine environments. Examples of stratified systems
where blooms of Pseudo-nitzschia have been observed are in the
vicinity of the San Juan Islands (Rines et al., 2002; McManus et al.,
2003), Monterey Bay (Ryan et al., 2005; McManus et al., 2008) and
Ría de Pontevedra, Spain (Velo-Suárez et al., 2008). Our study site,
the northeastern bight of Monterey Bay, is a highly stratified
environment that fits the GEOHAB criteria for the Stratified
Systems Core Research Program.

Monterey Bay, California is a monitoring site for HABs where
many studies have observed recurring blooms of toxic Pseudo-
nitzschia (e.g., Fritz et al., 1992; Lefebvre et al., 2002; Bargu et al.,
2008; McManus et al., 2008). Diatom species dominate during
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upwelling (Pilskaln et al., 1996; Brzezinski et al., 1997; White and
Dugdale, 1997), whereas picoplankton dominate during relaxation
(Pilskaln et al., 1996). Domoic acid (DA) is of particular concern in
Monterey Bay during the upwelling season, because owing to the
high productivity in this area, food chains are short, allowing DA to
be rapidly transferred to higher trophic levels (Kvitek et al., 2008).
Toxic Pseudo-nitzschia are directly consumed by species such as
anchovies and mussels. DA is eventually transferred to higher
trophic level species such as seabirds, sea lions and humans
(Kvitek et al., 2008). HABs in Monterey Bay have resulted in
shellfish fishery closures, and marine mammal (Lefebvre et al.,
1999) and seabird deaths (Work et al., 1993). The first documented
case of domoic acid poisoning occurred in 1987, when afflicted
people displayed gastrointestinal and neurological symptoms,
some resulting in death (Lefebvre et al., 2002; Backer and
McGillicuddy, 2006).

Despite monitoring efforts, HABs are difficult to forecast and
there is seldom warning of DA poisoning prior to the onset of
obvious symptoms displayed by animals. When there is a toxic
phytoplankton bloom with no prior detection, the event is called a
“cryptic bloom” (Scholin, personal communication; McManus
et al., 2008). The occurrence of cryptic blooms shows the impor-
tance of developing methods for determining where there are
favorable HAB conditions. In order to accurately predict the
toxicity of HABs, it is critical to understand what mechanisms
cause blooms to become toxic. Prediction is complicated because
Pseudo-nitzschia blooms, composed of a species known to be toxic,
do not always result in domoic acid poisoning (Dortch et al., 1997).

Studies suggest that nutrients play a role in HAB dynamics. For
instance, Pseudo-nitzschia will slow their growth rate under con-
ditions of nutrient depletion (Pan et al., 1996a). Conversely, the
addition of nutrients can fuel Pseudo-nitzschia blooms (Smith et al.,
1990; Trainer et al., 2000; Parsons et al., 2002). However,
the relationship between nutrients and HAB dynamics is more

complex than simply triggering or terminating blooms. For exam-
ple, HAB dynamics can also be influenced by factors such as
nutrient ratios (Parsons et al., 2002) and nutrient speciation
(Hillebrand and Sommer, 1996). Since the stimulation of HABs
can be caused by elevated nutrient load, increased occurrence of
HABs could be explained by anthropogenic perturbation in the
form of excess nutrient loading, and HABs may thus be a signal of
our changing environment.

In this contribution we describe the physical and nutrient
environment influencing a subsurface layer of Pseudo-nitzschia in
northeastern Monterey Bay during June 2010 in order to better
understand the interrelationships between nutrients and HAB
dynamics. Profilers and towed instruments were deployed and
laboratory analyses of discrete water samples were conducted to
describe the physical and biogeochemical conditions of the sam-
pling site, and to characterize the bloom. Discrete water samples
were taken above, within and below the layer.

2. Material and methods

2.1. Study area

Monterey Bay is located on the central coast of California
(Fig. 1). A non-estuarine embayment (Pennington and Chavez,
2000), Monterey Bay is the largest open bay on the west coast of
the United States. The study area is in the northeastern part of
Monterey Bay where the upwelling shadow occurs (Graham and
Largier, 1997).

The upwelling season along the central California coast extends
from March to November (Pennington and Chavez, 2000). During
this period, winds are predominantly from the northwest, causing
offshore Ekman transport of surface waters along the outer
coast. When these surface waters are advected offshore, they are

Fig. 1. Map of Monterey Bay study site, showing transect paths of the echo sounder/ISIIS and Acrobat, as well as the locations of the SeaHorse (SH) mooring and shipboard
(SB) profiling station. Numbers 1–4 indicate positions on the Acrobat transect and are referred to in Fig. 7. Triangle is Point Año Nuevo and the plus sign is the location of the
wind buoy. Inset map shows the location of Monterey Bay along California coast.
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replaced by cold nutrient-rich waters upwelled from as deep as
300 m (Graham and Largier, 1997). A major upwelling center, Point
Año Nuevo, is located!30 km north of Monterey Bay (Rosenfeld
et al., 1994; Fig. 1). Under upwelling conditions, circulation
dynamics cause water in the northern part of the Bay to become
separated from the inner-bay, creating an upwelling shadow
(Graham, 1993; Graham and Largier, 1997). The water in the
upwelling shadow is characterized by long residence times, and
is sheltered from wind-induced mixing by local topography,
leading to pronounced stratification (Graham, 1993). At periods
of 15 to 40 days, the winds can lessen (o3 m s"1) or reverse
direction (Rosenfeld et al., 1994); these periods are termed
‘relaxation’ periods (Fitzwater et al., 2003). During relaxation,
upwelling weakens and warm, nutrient-poor California Current
water from offshore moves coastward into the Bay (Rosenfeld
et al., 1994; Ryan et al., 2009).

The 24-h time period examined in this study spans from 1400 h
on 27 June to 1400 h on 28 June 2010 (PDT). During this time we
utilized an autonomous profiler, a high-resolution shipboard
profiling package, two towed vehicles (Acrobat and ISIIS), multi-
frequency acoustics and collected discrete bottle samples. This
study was part of a larger project funded by the National Science
Foundation (NSF) aimed at understanding lateral mixing dynamics
on the shelf of an open coastal system.

2.2. Environmental data

Winds are important in determining upwelling potential. Wind
velocities (eight-minute averaging period and reported hourly)
were obtained from the National Data Buoy Center's buoy number
46042, located at 36.7891N, 122.4041W. Buoy 46042 is located
!45.5 km SW from the profiling sites (Fig. 1).

Tides influence the general oceanographic conditions during
the study period. Tidal height was calculated using the pressure
sensor on a Sea Bird Electronics model 37SMP CTD positioned
16 m above the bottom.

2.3. Water column profiling

A Brooke Ocean Technology autonomous SeaHorse profiler,
moored at 36.93251N, 121.92441W, was used to measure water
column characteristics (Fig. 1). The water column was profiled
between 1 and 15 m depth every 30 min. The SeaHorse is slightly
positively buoyant, taking measurements from depth to near
surface with an average ascent rate of 33 cm s"1, and uses wave
energy to ratchet down the mooring line after each profile. The
SeaHorse was equipped with a SBE-19plus CTD (temperature,
salinity, density, and pressure) and a WET Labs WETStar fluorom-
eter (chlorophyll-a fluorescence) with a sampling frequency of
4 Hz (average vertical resolution of 8 cm). The SeaHorse was
located !7 m from the CTD described in Section 2.2.

Additional higher-resolution water column sampling was con-
ducted immediately adjacent to the SeaHorse moored profiler.
From 1215 h to 1547 h on 27 June, a 10 m vessel, the R/V Paragon,
was anchored at 36.93241N, 121.92461W (Fig. 1), and a custom-
built profiling package was used to collect high-resolution mea-
surements of the water column from!1 m to 21 m depth every
24 min. The high-resolution profiler was designed to be slightly
negatively buoyant, resulting in a slow sinking motion discon-
nected from boat movement. The profiler had an average decent
rate of 13.2 cm s"1 and was equipped with a SBE-25 CTD (tem-
perature, salinity, density, and pressure) with a sampling rate of
8 Hz, and a WET Labs ac-9 spectral absorption and attenuation
meter (6 Hz) achieving a vertical resolution of 2.2 cm. Following
Mobley et al. (2002), we used the absorption at 676 and 650 nm
(ap676 and ap650, respectively) measured by the ac-9 to estimate

chlorophyll-a concentration (mg m"3)

chla!
ap676!ap650

0:014
"1#

2.3.1. Discrete water samples
Water samples were collected with a 5-L Aquatic Research

Instruments discrete point water-sampling bottle, attached less
than 0.2 m from the intake tubes on the shipboard profiler.
Decisions to trigger the bottle were made using the real-time
depth and fluorescence readings from the profiler. Bottle samples
were taken above, within, and below thin layers of fluorescence.
Water samples were taken at 1500, 1529, 1547 h at depths of 9.8,
18.0 and 3.0 m, respectively. Each 5-L water sample was trans-
ferred to a carboy and gently mixed to ensure the water was
homogeneous before splitting into subsamples for phytoplankton
identification and enumeration, as well as analysis of nutrients,
alkaline phosphatase activity, domoic acid and total suspended
solids analysis (described in the following paragraphs).

Our thin layer criteria followed those proposed by Dekshenieks
et al. (2001). In order to be considered a thin layer, the vertical
extent (thickness) of the chlorophyll-a peak must be#5 m. The 5 m
threshold was chosen because this thickness is the finest-scale
vertical resolution achieved by conventional sampling methods
(e.g. bottles and nets). The thickness was defined as the depth
where the optical signal was half of the peak intensity. Next, the
feature must be present in at least 2 consecutive profiles. Third,
the intensity of the chlorophyll-a peak must be at least 3$ the
background. The background was determined above and below
the feature, where the chlorophyll-a concentration is relatively
low and invariant.

Phytoplankton samples were stored unfixed on ice and pro-
cessed within 5 hours after returning from the field. Using a Zeiss
A1 Axioscope microscope with 40$ magnification, phytoplankton
were enumerated and identified to genus level in a PhycoTech
0.066-mL phytoplankton counting cell. Triplicate counts were
performed for each sample and averaged.

Nutrient samples were filtered (acid clean 47-mm diameter,
0.2-mm GH Polypro) within 5 h after returning from the field.
Filtrates were frozen and shipped in acid cleaned bottles to the
University of WashingtonWater Center (Marine Chemistry Labora-
tory) for analysis. Dissolved inorganic nutrient concentrations
(PO4

3", Si(OH)4, NO3
", NO2

", NH4
+), total dissolved nitrogen

(TDN) and total dissolved phosphorus (TDP) were analyzed using
a Technicon Model AutoAnalyzer II using standard protocols
(Valderrama, 1981; UNESCO, 1994). The detection limits of PO4

3",
Si(OH)4, NO3

", NO2
", NH4

+, TDN and TDP were 0.02, 0.21, 0.15, 0.01,
0.05, 0.34, and 0.03 mM, respectively, as reported by the Water
Center (Krogslund, personal communication).

Samples assayed for alkaline phosphatase activity (APA) were
filtered through acid-cleaned 47-mm diameter, 0.2-mm GHP filters
(volumes ranging from 750-mL to 1 L). Filtered particulates were
stored frozen in Petri dishes until analyzed. A filter pore size of
0.2-mm was chosen to examine cell-associated activity for the
whole community. APA was analyzed using fluorometric methods
similar to Dyhrman and Ruttenberg (2006). APA hydrolyzes the
substrate DiFMUP (6,8-difluoro-4-methylumbelliferyl phosphate,
Invitrogens) to produce a fluorescent product, DiFMU (6,8-
difluoro-7-hydroxy-4-methylcoumarin). The fluorescence (excita-
tion at 360 nm and 460 nm emission) was measured on a BioTek
Synergy HT Plate Reader at a temperature of 25 1C. APA was
determined using the linear response range of standards made
using a dilution series of the fluorescent compound DiFMU. Blanks
were prepared prior to assays and stored frozen in Petri dishes
until analyzed alongside samples.
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Fig. 2. SeaHorse and shipboard profiler data. Time series from 1400 h on 27 June to 1400 h on 28 June 2010 of: (a) wind velocity (m s"1; arrows point in heading direction),
(b) tide height (m), and SeaHorse profiler and mooring measurements of (c) density (kg m"3) and (d) chlorophyll-a concentration (mg m"3), with 14, 12.5 and 11 1C isotherms
overlaid. Shipboard profiles of chlorophyll-a (green) and density (black) from 27 June at (e) 1421 h, (f) 1424 h, (g) 1458 h, (h) 1524 h and (i) 1545 h.
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Particulate domoic acid samples (each 750-mL) were filtered
onto 47-mm diameter, 0.2-mm GHP filters. Dissolved domoic acid
samples were filtered through a 47-mm GF/F filter and frozen in
acid washed bottles. Samples were analyzed using the method
described by Wang et al. (2007), modified for Selected Ion
Monitoring on an Agilent 6130 LC/MS.

Total suspended solid samples (each 750-mL) were filtered
through pre-weighed 47-mm diameter, 0.2-mm GHP filters. The
filters were dried until the daily-measured post-weighs were
reproducible within less than 0.16%. Total suspended solids (TSS)
concentrations were calculated by taking the difference between
the pre-weight and the post-weight divided by the volume of
water filtered.

2.4. Towed vehicles and acoustics

The water column was also sampled using a combination of
acoustics and digital imagery in the vicinity of the moored
instruments in order to obtain in situ information on planktonic
organisms. To collect acoustic backscatter data, an echo sounder
(Simrad EK-60 at 200 kHz) was side-mounted 1 m below the
surface on a second 18 m vessel, the R.V. Shana Rae, which
simultaneously towed the In Situ Ichthyoplankton Imaging System
(ISIIS) (described in the following paragraph). Acoustic backscatter
can be used to estimate distribution and abundance of plankton
biomass (Warren et al., 2003). The echo sounder recorded con-
tinuously while the ship was underway.

ISIIS is an optical, digital imaging system that samples large
volumes of water with high resolution (Cowen and Guigand,
2008). ISIIS was towed in an undulating (surface to bottom)
fashion, 2.73 to 0.14 km from the profiling sites from 1236 to
1259 h on 28 June 2010 (Fig. 1). The transect line described in this
paper was selected because it passed closest to the moored
profiling sites. The ISIIS captured images of the organisms present
in the water column, including those producing the backscatter
measured by the echo sounders, at a rate of 17 frames per second
when towed through the water at 5 knots (2.5 m s"1). ISIIS uses a
Piranha II line scan camera from Dalsa, with 50 μm pixel resolution
to capture a continuous image. VisionNow software (from Boulder
Imaging, Inc.) breaks up the images collected by ISIIS into
13 cm$13 cm frames with a 40 cm depth of field. Imaged flocs
(aggregated particles in a fluid) were identified and measured
visually.

In the vicinity of the profiling site, a SeaSciences LTV-50X
Acrobat was towed behind a third, !9 m vessel, the R.V. Sheila B,
which traveled between 0.4 and 1.2 kts (Fig. 1). The Acrobat
profiled in an undulating (near surface to near bottom) fashion
to a maximum depth of approximately 25 m. The Acrobat collected
measurements of temperature, salinity, chlorophyll-a and optical
backscatter at 660 nm.

3. Results

3.1. Environmental measurements

From 1400 h on 27 June to 0100 h on 28 June winds were from
the northwest with an average velocity of 4.6 m s"1 (Fig. 2a).
During this time winds weakened from a maximum of 6.6 m s"1

to 1.1 m s"1. After 0100 h on 28 June, the winds were variable and
not as strong (average velocity of 1.5 ms"1). Winds had been
consistently from the northwest starting from 13 June 2010.

Monterey Bay experiences mixed, semi-diurnal tides. The tidal
range during the study period was 2.4 m (Fig. 2b). High tide was at
2323 h on 27 June and low tide was at 0632 h on 28 June. The full

moon occurred on 26 June, thus the sampling occurred during
spring tide conditions.

3.2. Pseudo-nitzschia

Phytoplankton counts showed that the water column was
dominated by Pseudo-nitzschia during the sampling period. Con-
centrations ranged from 12007100 to 78007900 cell mL"1,
levels which exceed the threshold defined for a harmful algal
bloom (Lefebvre et al., 2002). Other genera, such as Chaetoceros
spp., were also present but collectively wereo152 cells mL"1, an
order of magnitude lower than Pseudo-nitzschia concentrations
(data not shown). Compared to waters above and below the thin
layer, concentrations of Pseudo-nitzschia within the layer were
682% and 500% higher, respectively (Table 1; Fig. 3a). All depths
had moderate concentrations of particulate domoic acid (Table 1;
Fig. 3b). The concentration of particulate domoic acid within the
layer was greater than those above and below the layer by 237%
and 162%, respectively. The concentration of dissolved domoic acid
was also highest within the layer when compared to water above
and below the layer (Table 1).

3.3. Profiler observations

An almost linear relationship exists between the concentration
of Pseudo-nitzschia cells determined from all phytoplankton counts
of discrete bottle samples and the chlorophyll-a concentration
calculated from the profiler ac-9 signal (Eq. (1); Fig. 4), indicating
that the chlorophyll-a signal measured by the profiler is domi-
nated by Pseudo-nitzschia. Although this paper only focused on a
24-h time period, our cruise was thirteen days long. Fourteen
additional samples associated with layers were taken during this
time and all data were used to investigate the relationship
presented in Fig. 4. Based on both the Pseudo-nitzschia counts
and the strong relationship between Pseudo-nitzschia and ac-9
absorption, we conclude that the layer defined by the chlorophyll-a
fluorescence signal is composed of Pseudo-nitzschia.

The water column was stratified until !0800 h on 28 June
(Fig. 2c). The mixing that occurred after 0800 h was due to a lag
from the change in winds from upwelling favorable to relaxation
that occurred about 7 h before. From 2000 h on 27 June to 0300 h

Table 1
Summary of data from samples obtained above, within and below the observed
thin layer. Sampling time is in local standard time (PST). Samples were analyzed for
Pseudo-nitzschia cell abundance, particulate domoic acid (pDA), dissolved domoic
acid (dDA), total suspended solids (TSS) and silicic acid concentrations. The ratios
for dissolved inorganic nitrogen to dissolved inorganic phosphorus (DIN:DIP) and
total dissolved nitrogen to total dissolved phosphorus (TDN:TDP) were calculated
from dissolved inorganic and total dissolved nutrient concentrations, respectively
(See Appendix A, Timmerman, 2012).

Time Pseudo-
nitzschia
(cells mL"1)

pDA
(ng L"1)

dDA
(nM)

DIN:
DIP

TDN:
TDP

TSS
(mg L"1)

Silicic
acid
(mM)

Above 1547 1200 1059 7.8 4.2 25.3 9.98 1.53
Within 1500 7800 1716 123.3 14.3 42.1 14.28 4.19
Below 1529 1600 723 22.8 11.9 15.5 11.78 20.38

Notes: Pseudo-nitzschia counts are the mean over three samples with a standard
deviation of 110, 950 and 680 for above, within and below the layer, respectively.
No standard deviation is reported for DA because replicate samples were unavail-
able. DIN:DIP ratios have an analytical standard deviation of 1.6 as reported by UW
Water Center where the analyses were carried out. Precision of TDN:TDP ratios
could not be calculated because analytical uncertainties for total dissolved
nutrients were not available from the UW Water Center. TSS has a standard
deviation of less than 7$10"5 over the replicate measurements (n!4) for the three
depths. Silicic acid concentrations have a standard deviation of 0.19 using analytical
uncertainties as reported by UW Water Center.
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on 28 June, either diurnal surface cooling or advection caused the
isotherms to shoal (Fig. 2d). An intense subsurface Pseudo-nitzschia
layer was present throughout the entire study period (Fig. 2d).
From 1400 to 2200 h, the layer had an average thickness of 6.4 m
and depth of 8.5 m. From 2200 to 0800 h, the layer thinned
(average!3.6 m) and shoaled slightly to a mean depth of 7.2 m.
After 0800 h the layer broadened (with a lower extent at depths
greater than those measured by the SeaHorse) and deepened
(mean depth of 10.5 m).

High-resolution profiler measurements were examined for a
2-h period, from 1400 to 1600 h on 27 June (Fig. 2e–i). The water

column was stratified and a thin Pseudo-nitzschia layer persisted
during these two hours with an average depth of 8.1 m and
thickness of 2.7 m. Three bottle samples, collected !24 min apart
during this time period, were taken above, within, and below the
layer (Table 1).

3.4. Acoustics and ISIIS

The 200-kHz echo sounder data shows high acoustic back-
scatter roughly 8 m below the surface (Fig. 5). (The dark red signal
that shoals with distance across-shelf is the trace of the seafloor.)

Fig. 3. Depth profiles of data from discrete bottle samples taken at 1500 h, 1529 h and 1547 h on 27 June 2010. Depth profile of: (a) Pseudo-nitzschia concentrations
(cells mL"1), (b) particulate domoic acid (ng L"1), (c) DIN:DIP, (d) TDN:TDP, (e) TDP and DIP (uM), (f) APA (nM-P h"1) and (g) DON. Red vertical lines indicate the Redfield ratio
of 16:1.

Fig. 4. Linear plot of Pseudo-nitzschia concentration determined by bottle samples and chlorophyll-a concentration measured by the shipboard profiler. Error bars represent
the standard deviation about triplicate samples. Samples were grouped by depth: above the layer (circles), within the layer (squares) and below the layer (triangles). The
sample size!16 and po0.01.
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The layer broadens and deepens toward the shallow (inshore) end
of the transect. The depth of the high backscatter when the
backscatter is thinner and offshore corresponds with that of the
Pseudo-nitzschia layer detected by the SeaHorse and shipboard
profiler, as well as by data obtained from the bottle samples.

Along this same across-shelf transect, ISIIS images were cap-
tured at all depths. To identify specific constituents of the water
column above, within, and below the thin Pseudo-nitzschia layer,
one representative image is shown from each of these regions
within the water column (Fig. 6). Above the layer, small flocs were
abundant in the image, each with a maximum surface area of
about 1 cm2 (Fig. 6a), and many individual cells. Within the thin
layer itself there were fewer, but larger flocs (maximum of!2 cm
diameter and a surface area of 2 cm2; Fig. 6b). Below the layer,
there were two large flocs (1.5 cm2), four small flocs (0.5 cm2) and
many small, individual cells similar to those observed in the image
from above the layer (Fig. 6c).

3.5. Nutrients and APA

Ratios of dissolved inorganic nitrogen (DIN: NO3
"+NO2

"+NH4
+)

to dissolved inorganic phosphorus (DIP: PO4
3") concentrations

were higher within the layer compared to DIN:DIP ratios above
or below the layer (Table 1; Fig. 3d). DIN:DIP ratios at all three
depths were below the Redfield ratio of 16 N:1 P.

Total dissolved nitrogen (TDN) and total dissolved phosphorus
(TDP) are the sum of both the dissolved inorganic and organic
forms of nitrogen and phosphorus, respectively. The TDN:TDP ratio
was 167% and 272% higher within the layer compared to above
and below, respectively (Table 1; Fig. 3e). TDN:TDP ratios from
above and within the layer were higher than the Redfield ratio,
while TDN:TDP ratios from below the layer were lower than the
Redfield ratio.

TDP and DIP concentrations displayed typical nutrient profile
shapes, in which concentrations increased with depth (Fig. 3f). The
inorganic portion of the TDP pool increased with depth, and DIP
concentrations constitute 39, 50 and 88% of TDP in samples from
above, within and below the layer, respectively. Silicic acid (Si
(OH)4) also had a typical nutrient profile shape, in which concen-
trations increased with depth (Table 1). Alkaline phosphatase
activity (APA) decreased with depth (Fig. 3g).

Concentrations of dissolved organic nitrogen (DON) were
elevated within the layer (Fig. 3h), with concentrations exceeding

DIN by 257% and 279% above and below the layer, respectively.
Similarly, total suspended solids (TSS) concentrations within the
layer were higher than TSS in waters above and below the layer.

4. Discussion

4.1. Acoustic and imagery detection of Pseudo-nitzschia flocs

A 200-kHz acoustic signal is expected to scatter off of objects in
the size range of small zooplankton, including invertebrate larvae
(!300 μm and larger; Clay and Medwin, 1977). Therefore, indivi-
dual Pseudo-nitzschia cells (approximate size 100 μm) could not be
detected with the 200-kHz echo sounder such as the one used in
this study. However, the observed flocs detected by the towed ISIIS
in the layer dominated by Pseudo-nitzschia cells were concentrated
at the pycnocline in flocs with diameters on the order of 1–2 cm.
With these larger scattering targets, it is possible the acoustic
backscatter signal observed at the pycnocline was caused by
flocs of Pseudo-nitzschia, with concentrations of 0.142 flocs cm"2

(D. McGehee, pers. comm.). Another possibility is that the high
acoustic scattering signal within the Pseudo-nitzschia layer
resulted from oxygen bubbles in the flocs, or larger organisms
attracted to the layer (J. Warren, pers. comm.), though few of the
latter were observed in any of the imagery. Some of the ISIIS
images show appendicularians in the flocs; however, appendicu-
larians were most abundant below the high backscatter layer.
Zooplankton (including copepods, appendicularians and gelati-
nous organisms) were observed throughout the water column, but
copepods were most abundant above the high acoustic backscatter
layer (0–5 m depth).

Images from the towed ISIIS showed that particulates in the
subsurface layer were predominantly composed of flocs. Phyto-
plankton counts from bottle samples revealed that Pseudo-
nitzschia dominated the water column, and were most abundant
within the subsurface layer. It should be noted that sampling with
the Aquatic Research Instruments bottle used in this study would
likely disrupt the fragile flocs. In the absence of direct physical
sampling of flocs, we argue on the basis the flocs imaged by the
ISIIS, fluorescence data from profilers and phytoplankton counts
from discrete water samples, that these flocs are primarily com-
posed of Pseudo-nitzschia. Evidence for Pseudo-nitzschia flocs can
be seen in sediment trap data from this region (Vigilant and Silver,

Fig. 5. Across-shelf transect of Simrad 200 kHz echo sounder backscatter (dB). X's mark where the In Situ Ichthyoplankton Imaging System (ISIIS) images were taken.
Distance was calculated from the start of the southwest end of the transect (see Fig. 1). The dark red signal that shoals with distance across-shelf is the trace of the seafloor.
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2007; Olivieri, 1996; Parsons et al., 2002) and by the observations
of Sekula-Wood et al. (2011) in the nearby Santa Barbara Channel,
suggesting that this is a prevalent phenomenon in this region.
Alldredge and Gotschalk (1990) described a diatom floc (mostly
diatoms by volume and430% diatoms and frustules by count)
from Southern California as being large (2–3 cm in length), ‘comet-
shaped’, and porous. This description is consistent with the ISIIS
image observations in this study (Fig. 6).

For diatom flocs to occur, cells must come into physical contact
with one another (collisions) and adhere (Alldredge and
Gotschalk, 1989). One way diatoms adhere to one another is
through transparent exopolymer particles (TEP; Sarthou et al.,
2005) such as mucus (Alldredge and Gotschalk, 1989). Alldredge
and Gotschalk (1989) observed that higher concentrations of
extracellular mucus were present when Pseudo-nitzschia cells
were present as flocs, and speculated that the increased stickiness
promoted by higher TEP concentration caused increased floccula-
tion. It is known that under physiological stress, TEP production
increases (Drapeau et al., 1994). Thus, under conditions that create
physiological stress, increased TEP production by diatoms may
result in increased flocculation. One common stressor for Pseudo-
nitzschia cells is nutrient limitation (Smetacek, 1985; Alldredge
and Gotschalk, 1989; Drapeau et al., 1994), and our data
set allowed us to specifically examine the nutrient regime within
the layer where the Pseudo-nitzschia flocs occurred to evaluate
whether nutrient levels may have triggered floc formation.

There are nutritional benefits to Pseudo-nitzschia when cells
flocculate. Flocs could increase nutrient uptake by altering fluid
flow. For example, Logan and Alldredge (1989) calculated that
aggregated (flocculated) cells could absorb nutrients up to 2.1$
faster than individual cells. In addition to fluid flow, microbes
within the flocs release bioavailable nutrients (Alldredge and
Silver, 1988). Studies have shown that the interstitial nutrient
concentration in flocs can be higher than in the surrounding water
(Alldredge and Silver, 1988). For the subsurface diatom layer
observed in this study, we hypothesize that the presence of flocs
indicates that the cells in the layer may have been experiencing
nutrient stress.

Diatom flocculation most commonly occurs at the termination
of a bloom (Gotschalk and Alldredge, 1989), or when there is little
or no growth (Calleja, 1984; Alldredge and Silver, 1988). Flocs have
been observed to settle out of the water column and potentially
transport toxins to the benthic community (Kvitek et al., 2008).
Not all flocs will sink immediately; they can persist in the water
column for days (Sarthou et al., 2005). For this study, Pseudo-
nitzschia flocs above the layer displayed evidence of sinking (tails
on the flocs), whereas tails are not present on flocs within or
below the layer. It is possible that flocs above the Pseudo-nitzschia
layer reached a density surface (in the pycnocline) that slowed
their sinking rate, allowing the flocs to form a layer. Alldredge and
Crocker (1995) hypothesize that diatom flocs can achieve neutral
buoyancy when lower density mucus replaces seawater within the
floc, thus stopping sinking. In their study, the aggregates were
primarily found in the pycnocline.

There are many similarities between the layer described in this
study and a thin layer observed by Alldredge et al. (2002) in the
San Juan Islands, Washington. In the latter study, the thin layer
was primarily composed of flocs of Odontella longicruris (chain
forming diatom) that were41 cm in diameter. The layer had an
average thickness of 60 cm and lasted more than 24 h at a depth of
5 to 7 m. The pycnocline (3 to 5 m) had a strength of Δ1st. The thin
layer we focus on in this paper was much thicker, but was also
associated with a density surface. Alldredge et al. (2002) observed
a diatom bloom within and above the layer and showed differ-
ential aggregation. The current study shows Pseudo-nitzschia
dominated the water column. The tails on the flocs above the

Fig. 6. In Situ Ichthyoplankton Imaging System images (ISIIS). In Situ Ichthyo-
plankton Imaging System photos were taken from an across-shelf transect. Photos
were captured (a) above, (b) within, and (c) below the layer. Small flocs were
abundant above, large flocs were present within and a mixture of small and large
were found below the layer. Tails are visible on the flocs above the layer. Each photo
is 13$13 cm2 with a 40 cm depth of field. Each individual box is 1 cm2.
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layer indicate that the bloom could have been in the surface
waters prior to our observations. Alldredge et al. (2002) may thus
have observed a similar situation to that observed in our study, yet
at an earlier stage of bloom succession.

Diatom flocs that accumulate on density surfaces might occur
frequently. Pilskaln et al. (1998) found aggregates on the outer
edge of Monterey Bay that were associated with density disconti-
nuity layers. Similarly, in the Adriatic Sea, mucilage (suspended
gelatinous material where flocs are one form) has caused pro-
blems for the economy (tourism and fisheries). In fact, occurrences
of mucilage were observed as early as 1729 (Innamorati, 1995), and
are thought to start as marine snow and progress to large clouds
(Fogg, 1995). The marine snow is composed of diatom flocs and
has been associated with the pycnocline, where the flocs accumu-
late (Mingazzini and Thake, 1995). Specifically, Nitzschia and
Skeletonema spp. are “usually associated with the Adriatic muci-
lage” (Fogg, 1995). The diatom Chaetoceros has also been found
within the mucilage aggregates, but are not dominant (Innamorati,
1995). Myklestad (1995) points to nutrient stress as a possible
cause of polysaccharide release by Chaetoceros; polysaccharides
are the precursors of TEP (Passow and Alldredge, 1994). Aggrega-
tions have also been observed in the Tyrrhenian Sea, Toscana
coast, and Sicilian coast (Mingazzini and Thake, 1995).

4.2. Domoic acid

High levels of dissolved domoic acid (DA) were observed within
the layer (Fig. 3c; Table 1) indicating that the cells associated with
the bloom and flocs observed were actively leaking DA. The
highest dissolved DA level observed (123 nM) is substantially
higher than the few reported values from field samples (c.f.
Bargu et al., 2006; Caron et al., 2010), but is comparable to the
reported value of !40 ug L"1 (128 nM) for Monterey Bay in 2000
(Doucette et al., 2002). Despite the relatively high concentrations,
there is no clear evidence that dissolved DA at these concentra-
tions directly impacts other organisms. For example, Bargu et al.
(2006) demonstrated feeding deterrence in krill (Euphasia pacifica)
at !1282 nM, whereas Olson and Lessard (2010) showed no direct
inhibition of microzooplankton or dinoflagellates at DA concentra-
tions of 50 and 80 nM.

A study in San Diego, California (Scripps Pier) reported Pseudo-
nitzschia concentrations of 7.7$104 cells L"1 with pDA concentra-
tions of 1.98 μg L"1 in February 2004, which resulted in sea lion
strandings (Busse et al., 2006). Schnetzer et al. (2007) reported the
highest concentrations of pDA yet observed on the west coast, 12.
7 mg L"1 with up to 5.3$104 cells L"1 during 2003–2004 and linked
the elevated surface concentrations of pDA to subsequent elevated
concentrations in sediment traps. Schnetzer et al. (2007) also
reported an inverse correlation between toxin levels and macro-
nutrients, suggesting nutrient stress as an environmental factor
leading to toxic blooms. Previous laboratory experiments have
shown that the production rate of DA by Pseudo-nitzschia can be
controlled by the availability of macronutrients (Pan et al., 1996a,
1996b, 1996c) and micronutrients (Maldonado et al., 2002), and
suggest nutrient stress as a possible cause of increased toxicity
(Bates et al., 1991; Fehling et al., 2004). Increased DA production by
Pseudo-nitzschia cells was observed to occur under conditions of
phosphate (Pan et al., 1996a) and silicate limitation (Bates et al.,
1991; Pan et al., 1996b, 1996c). Because DA is an amino acid, and
thus contains nitrogen, it has been argued that under conditions of
nitrogen limitation DA would not be produced (Bates et al., 1991).
Kudela et al. (2004) found low levels of DA in nitrogen-limited
cultures, consistent with this argument. In fact, DA concentrations
in nitrogen-limited cultures were orders of magnitude lower than
those observed in Si-limited cultures (Kudela et al., 2004). Thus, it
is likely the Pseudo-nitzschia cells in the layer we observed were

producing DA in response to nutrient stress, but were limited by a
nutrient other than nitrogen. Pan et al. (1996a) observed increased
toxicity of Pseudo-nitzschia under phosphate limited conditions in
culture studies, and we next examine whether the flocculated cells
growing in the subsurface layer might have been experiencing
phosphate stress.

4.3. Nutrients

Our results suggest that phosphate stress is responsible for the
formation of Pseudo-nitzschia flocs, and possibly also for the
increased bloom toxicity in the subsurface Pseudo-nitzschia layer
we observed in Monterey Bay. This conclusion is based on the
presence of flocs in a layer that also is characterized by TDN:TDP
ratios that exceed the Redfield Ratio, the presence of APA, and high
domoic acid concentrations. Each of these factors are discussed in
more detail in the following paragraphs.

Dissolved organic nitrogen (DON) concentrations were42$
higher within the layer than above or below (Fig. 3h). Bronk et al.
(1994) found that DON released by phytoplankton equates to
between 25% and 41% of the dissolved inorganic nitrogen (DIN)
that was taken up by the cells. Mechanisms of DON release by
phytoplankton include passive exudation or release due to grazing
(Bronk and Ward, 1999). The accumulation of DON observed
within the layer suggests that the high concentrations of Pseudo-
nitzschia represent in situ growth, as opposed to the cells being
advected into the layer from another area.

Dissolved silicon in the form of silicic acid (Si(OH)4) is required
by diatoms to synthesize their tests. It is generally thought that
diatoms require an uptake ratio of Si(OH)4:DIN41:1 (Brzezinski,
1985). However, it is possible that Pseudo-nitzschia are able to
survive with lower Si(OH)4:DIN ratios because, compared to other
diatoms, Pseudo-nitzschia cell structures require less silica
(Marchetti et al., 2004). For the layer we sampled, Si(OH)4:DIN
ratios exceeded 1:1 both at the surface and below the layer,
indicating ample silica was available in the water column. The
ratio within the layer waso1:1 (0.85), lower than the threshold
ratio for most diatoms but possibly still within the range favorable
for Pseudo-nitzschia. Anderson et al. (2006) found the highest
abundance of Pseudo-nitzschia was associated with the lowest Si
(OH)4:NO3

" and Si(OH)4:PO4
3" ratios. In our study, the Pseudo-

nitzschia layer had a lower Si(OH)4:NO3
" ratio thanwaters above or

below the layer, implying that there were low levels of silicic acid
compared to nitrate. Pan et al. (1996c) found that the Si(OH)4:NO3

"

ratio is about 0.68 in Si-limited areas, and about 2 in Si-replete
areas. The ratio for the layer observed in this study falls is between
these two extremes. On the other hand, Si(OH)4:PO4

3" ratio in the
layer was not the lowest (relative to above and below the layer),
suggesting that there was more Si(OH)4 compared to PO4

3".
We consider the possibility that the Pseudo-nitzschia in the

subsurface layer were phosphate stressed. Traditionally, dissolved
inorganic phosphorus (DIP) and dissolved inorganic nitrogen (DIN)
are examined to infer nutrient limitation based on the Redfield
ratio (Kwon et al., 2011). The DIN:DIP ratios that we observed
(Table 1; Fig. 3d) would lead us to conclude that nitrogen is
limiting, because the DIN:DIP ratios are lower than the Redfield
ratio. However, when we include dissolved organic phosphorus
(DOP) and nitrogen (DON), we observed that TDN:TDP ratios
(Table 1; Fig. 3e) exceed the Redfield ratio, which implies that
phosphate may be functioning as the limiting nutrient. Many
phytoplankton produce enzymes that hydrolytically cleave phos-
phate from DOP, allowing it to become bioavailable (e.g., Chróst,
1991). One such enzyme is alkaline phosphatase (AP), which is
widely used to determine the phosphate-stress status of phyto-
plankton (e.g., Hoppe, 2003). Alkaline phosphatase activity (APA)
increases when DIP concentrations fall below a threshold level
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(Dyhrman and Palenik, 1999; Dyhrman and Ruttenberg, 2006; Ou
et al., 2006). In this study, APA decreases with depth, implying
phosphate stress was higher in the upper water column (Fig. 3g).
DIP concentrations and APA display an inverse relationship,
implying that availability of phosphate affected expression of
APA in Pseudo-nitzschia. This relationship occurs because when
DIP levels are sufficient, organisms are not induced to produce the
APA that would enable them to convert DOP to bioavailable DIP,
and vice versa. The presence of flocs, APA, TDN:TDP ratios that
exceed the Redfield ratio and high DA concentrations within the
Pseudo-nitzschia layer suggest that phosphate stress is responsible
for the flocs observed in Monterey Bay, and possibly also for the
bloom toxicity in the subsurface Pseudo-nitzschia layer we
observed.

Although phosphate stress appears to be playing an important
role in HAB dynamics in Monterey Bay, other nutrients, such as
trace metals, can also be important in bloom toxicity (Rue and
Bruland, 2001). Thus, we examine an alternate hypothesis, which is
that bottom sediments played a role in bloom toxicity. Domoic acid
chelates trace metals such as iron and copper (Rue and Bruland,
2001); trace metals typically are present in higher concentrations in
seafloor sediment relative to the water column. DA production
could be a response to iron limitation. DA binds to iron, solubilizing
the iron and allowing it to become bioavailable. On the other hand,
cells might also produce DA in response to copper toxicity; DA binds
with free copper decreasing copper bioavailability, and thus redu-
cing toxicity (Rue and Bruland, 2001). The fact that the isopycnals
deepened and intersected with the seafloor at location #2 along the
Acrobat transect (Fig. 7) makes it possible to envisage a potential
role for bottom sediments in promoting bloom toxicity. Deepening
of the isopycnals towards the inshore end of the transect coincided
with increased acoustic backscatter (Fig. 5). Further offshore, both
the isopycnals and the optical backscatter layer were compressed
(Fig. 7). The chlorophyll-a layer observed along this transect stayed
confined within the same isopycnals. The co-location of the peaks
in chlorophyll-a and acoustic backscatter suggests that scattering
here is dominated by Pseudo-nitzschia flocs. Optical backscatter
levels were slightly elevated between the Pseudo-nitzschia layer and
the seafloor at the location designated by the arrow in Fig. 7,
whereas the chlorophyll-a remained low. The elevated backscatter
in this intervening region suggests that sediment may have been
mobilized into the water column.

Johnson et al. (1999) found that sediments can be resuspended
during strong upwelling events. We observed the highest
concentration of total suspended solids (TSS) within the layer

compared to above or below and, given the patterns of the
isopycnals described above, it is possible that the higher TSS
observed within the layer is caused, at least in part by resuspended
sediments. Higher concentrations of cells could also contribute to
the increased TSS observed within the layer. The Pseudo-nitzschia
in the subsurface layer thus may be producing DA in response to
this resuspended sediment, either to acquire needed nutrients
such as iron, or to protect themselves from toxic metals such as
copper. In this case, the DA produced at the inshore site may then
have spread throughout the layer (possibly through advection),
resulting in the high DA values measured further along the
transect at our discrete water sampling site. Alternatively, iron
might have been entrained along isopycnals and transported
seaward, leading to increased bloom toxicity throughout the study
area. Similarly, Ryan et al. (2014) found surface Pseudo-nitzschia
were most toxic when in contact with resuspended sediment, and
these authors believe that this sediment originated from the shelf
bottom boundary layer.

Thus, phosphate stress, trace metals or both, could be playing a
role in bloom toxicity. Our data set does not allow us to resolve
which effect is dominant in triggering the bloom observed. It is
important to note that Pseudo-nitzschia blooms in other areas
could have different dynamics other than phosphate stress or trace
metals.

A number of studies have documented that the nutrient
limitation regime can shift on various time-scales for a variety of
reasons, and that drivers of these shifts can be both natural and
anthropogenic. For example, Karl (2000) argues that open oceanic
areas have undergone nutrient limitation shifts from nitrogen to
phosphorus within the past two decades due to increased nitrogen
fixation. In addition to the biological addition of nitrogen through
fixation, anthropogenic activities (such as fossil fuel combustion)
increase nitrogen emissions to the atmosphere. This nitrogen is
subsequently deposited on the sea surface (Krishnamurthy et al.,
2007) with little effect on phosphorus (Duce et al., 2008). In the
future, if the quantity of nitrogen deposition increases through this
or other processes, marine systems could be driven more towards
phosphorus limitation, thereby increasing the occurrence of toxic
algal blooms.

5. Conclusions

This study focused on the role that nutrients played in the
generation of a toxic Pseudo-nitzschia bloom in northeastern

Fig. 7. Acrobat transect showing measurements of: (a) chlorophyll-a concentration (mg m"3), (b) density (kg m"3) and (c) optical backscatter at 660 nm (m"1). Numbers 1–4
correspond to the locations on the Acrobat transect from Fig. 1. The black arrow indicates where the isopcynals with increased chlorophyll-a intersect the seafloor, and
increased optical backscatter between the seafloor and the chlorophyll-a layer.
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Monterey Bay. The bloom was confined to a subsurface layer,
contained high levels of domoic acid, and the cells comprising the
bloom were mostly aggregated in flocs, the size and abundance of
which made the layer detectable by an acoustic echo sounder and
the ISIIS. The presence of alkaline phosphatase activity (APA) and
TDN:TDP ratios in excess of the Redfield ratio suggest that the
subsurface Pseudo-nitzschia bloom sampled in this study was most
likely phosphate stressed. The Pseudo-nitzschia cells may have
formed flocs in the surface waters in response to phosphate stress,
causing them to subsequently settle to the pycnocline. The DA
produced by the cells observed in this study may also have been in
response to phosphate stress. Alternatively, trace metals within
resuspended sediments might have played a role in causing the
bloom toxicity observed in this study. A better understanding of
the role of sediment resuspension and phosphate stress in trigger-
ing HABs is required in order to more confidently assign causative
factors to development of HABs, which would then permit more
accurate forecasting of such events. It is also possible that the
combined occurrence of phosphate stress and elevated trace metal
concentrations from resuspended sediments could enhance the
formation of toxic blooms. While other regions could have
different conditions that affect HAB dynamics, if phosphate stress
is found to be widely important in bloom toxicity, we could
anticipate the occurrence of more toxic blooms in the future as
anthropogenic nutrient inputs alter nutrient ratios in the direction
of higher N:P ratios.
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