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Abstract
Phytoplankton blooms in nearshore waters are difficult to predict using only biogeochemical factors known to control phyto-
plankton growth, yet the need to understand these events continues to grow with expanding harmful algal bloom (HAB) events.
The present study investigated the spatial and temporal dynamics of phytoplankton blooms and their drivers in King Harbor, a
harbor in Santa Monica Bay in the Southern California Bight. High-frequency sensor measurements of environmental variables
and biomass and discrete sampling of phytoplankton community composition and nutrients over an annual cycle were obtained.
Eleven distinct bloom events, nine of which were numerically dominated by dinoflagellates, were identified over the study
period. Results from both regression-based and time series analyses show that these blooms were correlated with increased
temperature, changes in nutrient concentrations, and decreased tidally driven mixing, revealing an opportunity for bloom
initiation close to neap tides. Predictors of chlorophyll biomass and environmental factors that explained differences in micro-
plankton community structure differed between the two basins of KingHarbor, despite their close and connected nature. Biomass
and HAB taxa abundances in the harbor were significantly correlated with those in Santa Monica Bay with a 1-week lag in the
harbor data, suggesting possible onshore transport of organisms into the harbor. The results of this study quantify the significant
influence of tidal cycle as a physical process operating locally and at timescales of hours to days and provide evidence for a high
degree of spatial heterogeneity in bloom dynamics in nearshore environments.
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Introduction

Harmful algal blooms (HABs) affect coastal and inland waters
throughout the USA and globally and are predicted to contin-
ue to increase in frequency and severity with ongoing climate

change (Doney et al. 2012; Hallegraeff 2010). This increase is
due, at least in part, to changes related to eutrophication
(Anderson et al. 2002; Kudela et al. 2010; Rabalais et al.
2009) and warming (O'Neil et al. 2012; Paerl et al. 2016;
Ryan et al. 2017), among other factors. HABs can have a
number of negative effects through a variety of mechanisms
(including toxin production) on competing members of plank-
ton communities (e.g., Clough and Strom 2005; Imai 2012;
Weissbach et al. 2011; Xu et al. 2015), aquatic food web
structure (e.g., Abi-Khalil et al. 2016; Clough and Strom
2005; Colin and Dam 2003; Graham and Strom 2010; Place
et al. 2012; Stauffer et al. 2017; Turner and Tester 1997), and
animal and human health (e.g., Akmajian et al. 2017;
Anderson et al. 2000; Lefebvre et al. 2016; Lewitus et al.
2012; Miller et al. 2010; Trainer et al. 2010).

Improving our understanding of the factors controlling al-
gal blooms, and HABs in particular, requires an ability to both
define and detect bloom events and to quantify the important
physical and biogeochemical factors creating the conditions
for enhanced growth and/or accumulation of algae. The very
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definition of a bloom, however, is a topic of considerable
ongoing debate (Smayda 1997). Definitions and suggested
thresholds for bloom designation vary in published studies
(Carstensen et al. 2007; Kim et al. 2009; Nezlin et al. 2012;
Ryan et al. 2008), many of which are focused on resolving
large, seasonally recurring “spring bloom” phenomena (e.g.,
Brody et al. 2013; Cole et al. 2015; Siegel et al. 2002). In the
upwelling-influenced waters of the California Current
Ecosystem, Kim et al. (2009) employed both constant and
varying threshold designations for blooms using a pier-based
chlorophyll-a (Chl) dataset, while Ryan et al. (2008) and
Nezlin et al. (2012) considered blooms as occurring when
Chl exceeded threshold concentrations based on satellite-
derived estimates of biomass (75 mg L−1 and 5 mg L−1, re-
spectively). Satellite-based estimates of biomass and bloom
designations have also been developed using less derived
products, for example, Hu et al. (2005) found strong correla-
tions between patches with fluorescence line height (FLH)
values > 0.12 W μm−1 sr−1 and bloom-level abundances of
Karenia brevis (> 104 cells L−1) off the Florida coast.

While the role of nutrients in stimulating phytoplankton
growth, including that of HAB taxa, is relatively well under-
stood (e.g., Glibert et al. 2010; Heisler et al. 2008; Kudela
et al. 2010), the roles of physical processes that affect water
movement (i.e., mixing, turbulence) have been less resolved.
This is especially true in estuaries and nearshore embayments,
where physical processes with a wide range of dominant tem-
poral cycles—including storm events (seasonal and episodic),
tidal cycles (semidiurnal to fortnightly), and variability in
freshwater discharge (seasonal to interannual)—may all be
at play. It is also important to note that using satellite estimates
of Chl in these nearshore waters is complicated by the effects
of land and shallow water columns which interfere with re-
flectance values (summarized in Nezlin et al. 2012).

The California Current Ecosystem is an upwelling re-
gime with the potential for high levels of primary produc-
tivity (Hickey 1979). Within-season variability dominates
changes in Chl in the system, especially in inshore areas.
Inshore waters are also regions of enhanced primary
producer biomass, observed in the Southern California
Bight (SCB) as onshore-offshore gradients of Chl in
Santa Monica Bay (Corcoran and Shipe 2011) and high
incidence of bloom-level Chl in nearshore bands (< 5 km
from the coast) throughout the SCB (Nezlin et al. 2012).
These inshore waters can also act as areas for enhanced
HAB occurrence, documented in Monterey Bay as a near-
shore “incubator” for dinoflagellate blooms (Ryan et al.
2009; Ryan et al. 2008) and in San Pedro Bay as “hotspots”
for blooms of the diatom Pseudo-nitzschia spp. and their
associated toxin, domoic acid (Schnetzer et al. 2007; Smith
et al. 2018). Coastal phytoplankton and HAB dynamics are
also spatially linked, with indications of connectivity
among HAB taxa abundances in the bays of the SCB

(Bialonski et al. 2016). Additionally, some bloom events
in the nearshore waters of SCB have been attributed to
short-term (i.e., < 1 week) changes in nutrient availability
and/or physical processes (Bialonski et al. 2016; Omand
et al. 2012; Omand et al. 2011; Seubert et al. 2013).

To address our gap in understanding HABs in nearshore
environments, Ganju et al. (2016) argued that coupled
hydrodynamic-ecological models are necessary. Previous
studies have shown important relationships between increased
water residence time and blooms, for example of toxic dino-
flagellates in a Cape Cod, MA estuary (Ralston et al. 2015), in
a Brazilian reservoir (Soares et al. 2012), and off the coast of
southern California (Nezlin et al. 2012). Other studies have
pointed to the potential for increased phytoplankton biomass
and blooms during periods of reduced tidally induced mixing
(Cloern 1991; Leles et al. 2014; Lucas et al. 1999). Complex
or rapidly changing hydrography complicates the detection
and documentation of blooms in nearshore and estuarine sys-
tems. Blooms in these systems may go undetected with lower
frequency sampling efforts (i.e., biweekly-monthly; Egerton
et al. 2014), thus necessitating the use of higher frequency
and/or continuous sampling approaches (Babin et al. 2005;
Cullen 2008; Doucette and Kudela 2017; Ho and Michalak
2015; Kaitala 2019; Stauffer et al. 2019; Zeng and Li 2015).

This study focused on quantifying the contributions of
physical processes that drive mixing in nearshore
environments—primarily tidal cycling and winds—in combi-
nation with temperature, salinity, and dissolved nutrients to
the spatial and temporal dynamics of phytoplankton biomass
and community composition in a semi-enclosed basin of
Santa Monica Bay. The purpose was to understand the extent
to which these local, high-frequency physical processes, rather
than environmental and physical drivers of phytoplankton
blooms operating seasonally and/or over multiple years, con-
tribute to phytoplankton blooms in the nearshore environ-
ment. To do this, we employed both high-frequency sensor
measurements of environmental variables and biomass and
lower frequency sampling of phytoplankton community com-
position and nutrients through an annual cycle. We also com-
pared results from this study with biomass and abundances of
HAB taxa at a nearby, more open-ocean location in Santa
Monica Bay to better understand how phytoplankton bloom
dynamics near shore are related to larger regional phytoplank-
ton dynamics in this region of the SCB.

Methods

Site Description

King Harbor is a semi-enclosed, recreational harbor within
Santa Monica Bay in Los Angeles County, USA (33.847° N
118.397°W; Fig. 1). The harbor consists of northern (NB) and
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southern basins (SB) adjoined by an outer harbor region that is
protected from Santa Monica Bay by a rubble breakwater
(Fig. 1). Exchange of water between the outer harbor and
adjacent bay is provided primarily via the south-facing harbor
channel. Water depths within the harbor range from 3.5 to
6.0 m in the marina basins to 7.0 to 10 m in the outer harbor
connecting the basins. There are no natural freshwater inputs
into NB; there are, however, 5 storm drains with diameters of
15–94 cm that discharge into SB (documents provided cour-
tesy of the City of Redondo Beach). Terrestrial runoff from
these point sources occurs almost exclusively in the rainy
season, typically from November to March.

Oceanographic Data

Multi-parameter Water Quality Monitors (WQMS;
WETLabs) were deployed from floating docks in NB and
SB from May 2010 to June 2011 (Fig. 1). Sensors were de-
ployed at 0.5–1.0 m depth from the surface and programmed
to record temperature (°C), salinity (practical salinity units
[PSU]), dissolved oxygen (mL L−1), chlorophyll a fluores-
cence (Chl) at 695 nm (μg L−1), and turbidity at 700 nm
(NTU) for 10 s at 30-min intervals. The effects of biofouling
were minimized by equipping each WQM with a copper

BioWiper (WETLabs) installed over the optical sensors and
a bleach injection system (BLIS) module, which injected
28 μL 10% bleach into the dissolved oxygen sensor module
on an hourly basis (Orrico et al. 2007). In addition to these
bio-fouling reduction methods, sensors were cleaned every 2–
4 weeks depending on season.

WQM sensors were factory-calibrated prior to deployment.
Following deployment, the WQM sensors were cross-
calibrated using a 500-gal tank across a range of salinities
(5.86–9.47), dissolved oxygen (2.28–4.05 mL L−1), and tem-
perature (23.9 to 24.3 °C). Pairwise least-square linear regres-
sions were calculated for each sensor relative to a sensor des-
ignated as the “standard,” which was primarily deployed in
NB during the 12-month study period. The sensors showed a
high level of agreement (R2 ≥ 0.999), and the linear regression
was used to compute the mathematical relationship between
each sensor. The cross-calibration tank procedure did not suf-
ficiently describe differences in the Chl fluorescence sensors,
however, primarily due to a lack of range simulated in the tank
deployment. The three WQM Chl sensors were therefore
compared to each other through calibration to in vitro Chl
fluorescence collected from whole (unfiltered) seawater sam-
ples at each location on a weekly basis (see “Discrete Water
Samples” below). After removing samples collected during

Northern 
basin

Southern
basin

Outer 
harbor

Santa Monica Bay

120.27° W
34.64° N

32.45° N

116.88° W

NOAA Tidal Gauge

NOAA 
buoy

Fig. 1 Map of the Southern California Bight, with star marking location
of King Harbor. Black squares indicate locations of the NOAA tide gauge
and NDBC buoy from which tide and wind speed, respectively, were

obtained. Black dots in the inset of King Harbor indicate sampling
locations; the outer harbor region and Santa Monica Bay are also noted
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high biomass events, in vitro Chl fluorescence was related by
linear regression to an hourly average of WQM Chl fluores-
cence calculated for each sample. Finally, as a result of nec-
essary repair and sensor replacement during the study period
(Oct–Nov 2010), separate regression analyses of Chl fluores-
cence were performed for each sensor for pre- and post-
factory maintenance. Temperature, salinity, dissolved oxygen,
and Chl data standardized in this manner were used through-
out all subsequent analyses.

Hourly tidal height measurements (relative to mean low
water) were obtained from the NOAA Tides and Currents
website (http://tidesandcurrents.noaa.gov) for Station
9,410,840 at the Santa Monica Pier (SM Pier) in Santa
Monica Bay (34.008° N 118.500° W), approximately 20 km
north-northwest of King Harbor (Fig. 1). Tidal height data
obtained from the NOAA tidal station were compared to water
column height data collected by an upward-looking acoustic
Doppler current profiler (ADCP; Sontek Argonaut XR) de-
ployed in the northern basin from in June–July 2008. When
datasets were normalized by mean and standard deviation to
account for datum differences, a comparison showed excellent
agreement in the timing of the tidal cycle in the harbor relative
to Santa Monica Bay, with mean residual difference of 9.80 ×
10−3 mm (Fig. A1). Hourly meteorological data including
wind speed and direction were also retrieved from the
NOAA National Data Buoy Center (http://www.ndbc.noaa.
gov) for Station 46,221 in Santa Monica Bay (33.854° N
118.633° W) for the period from May 2010 to June 2011
(Fig. 1). Daily upwelling indices for 33° N 199° W were
obtained from the NOAA Pacific Fisheries Environmental
Lab (www.pfel.noaa.gov/products/PFEL/modeled/indices/
upwelling/upwelling) and binned into 7-day averages.

Data Processing

All standardized WQM data were screened for outliers.
Outliers can be statistically defined as falling > 2 standard
deviations from the mean of the normally distributed dataset
(e.g., Wilcox 2003); however, since natural systems may ex-
perience valid changes as a result of rapid shifts in environ-
mental conditions, outliers in the WQM dataset were defined
as > 5 standard deviations from the dataset mean for each
measured parameter. Following outlier removal, data sampled
every 30 min over 10 s were binned to hourly means and
missing hourly data points were interpolated using the piece-
wise cubic Hermite polynomial to more properly estimate data
that are not necessarily smooth (Fritsch and Carlson 1980).
Only short gaps in data (< 2 h) were interpolated to prevent
seeding the dataset with false periodicities. As a result, data
gaps exist in SB (Oct 29–Dec 1, 2010) and NB (Oct 8–Oct 29,
2010) when sensors were removed for factory repair.

Chl data were further corrected for the effects of non-
photochemical quenching (NPQ) using the methods described

by Omand et al. (2011) and similar to those used by Todd et al.
(2009). A HOBO light sensor (Onset Computer Corporation)
was continuously deployed at the surface (unsubmerged) of
the northern basin and logged illuminance (units of lux) at 30-
min intervals. An empirical linear relationship (R2 > 0.999) was
established between the HOBO light sensor and a quantum sca-
lar radiometer (QSL-100 and QSP-170B; Biosciences) at ambi-
ent light levels ranging from 78 to 2871 μmol photons m−2 s−1.
This relationship was used to convert the continuous HOBO
light data from the field to surface irradiance (I0) for use in the
NPQ Chl correction, as described below. Two periods of data
were missing: May 7–28, 2010 and April 8–May 16, 2011. For
these periods, daily irradiance curves were estimated from the
respectivemean cycles during June 2010 and earlyApril and late
May 2011. A median exponential attenuation coefficient (k) of
0.34 m−1 was calculated based on daily midday vertical profiles
of irradiance taken over the course of 2 weeks in 2008 using the
same radiometer (data not shown). Irradiance at sensor depth z
(Iz) was estimated using the attenuation coefficient according to
Beers Law, and normalized irradiance at depth (relative to the
maximum irradiance) was further required to determine the
quenching function (Qz):

Qz ¼
f

f þ I*z
ð1:1Þ

Finally, corrected Chl (Chlz) was calculated from the mea-
sured standardized Chl fluorescence (Chlmz) from eachWQM
sensor using the equation:

Chlz ¼ Chlmz
Qz

ð1:2Þ

An f value of 1.8 was selected to minimize the correlation
of Qz and Chlmz, a value that is comparable to that (1.6) uti-
lized in Omand et al. (2011) and which yielded Qz values
ranging from 0.64 to 1. Using the above equations, Chlz was
enhanced by up to 56% relative to Chlmz during mid-day/af-
ternoon hours. This range of enhancement is comparable to
those (56–100%) reported in Omand et al. (2011) and refer-
ences therein. Standardized and NPQ-corrected Chl data were
used in all subsequent analyses.

Discrete Water Samples

Surface water samples were collected weekly at the two basin
sites fromMay 7, 2010 to June 6, 2011 for dissolved inorganic
nutrient concentrations, extracted Chl, and microplankton
community composition (Fig. 1). Samples were typically col-
lected before noon, with > 90% collected between 09:00 and
11:00. Acid-washed polycarbonate bottles were rinsed with
sample water and filled with surface water taken from <
0.5 m depth and kept cool, vented, and out of direct sunlight
until subsampling, typically within 3–4 h. Samples for
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dissolved inorganic nutrient analyses were filtered on-site
through 0.2-μm syringe filters, with filtrate collected in acid-
washed HDPE bottles, and frozen at − 20 °C until analysis.
Concentrations of nitrate (incl. of nitrite, detection range 0.2–
300 μM), phosphate (0.1–200 μM), and silicate (1.0–
600 μM) were measured with ± 5% precision on a
QuikChem 8000 flow injection analyzer (Lachat
Instruments) by the University of California Santa Barbara
Analytical Lab. Subsamples were also filtered in duplicate
onto 25-mm glass fiber filters (GFF; Whatman) for in vitro
Chl analysis, extracted in 100% acetone at − 20 °C in the dark
for 24 h, and run on a calibrated laboratory fluorometer (TD-
700, Turner Designs) prior to and following acidification with
5% HCl to correct for phaeopigments (Strickland and Parsons
1972).

Subsamples for analyzing microplankton community com-
position were preserved with 1% formalin and stored at room
temperature in glass bottles in the dark until examination by
microscopy after settling in Utermöhl chambers (Utermohl
1931, 1958). Volumes ranging from 5 to 50 mL from each
sample were settled for 24–48 h to allow for effective viewing
and enumeration. Autotrophs and heterotrophs in the micro-
plankton size class (approx. 20–200 μm) were identified at
the genus and class levels, respectively. Samples were counted
on an inverted compound microscope (Leica DMIRBE) at ×
400 total magnification with a minimum of 200 cells and/or 20
fields of view enumerated for each sample. Microscopical char-
acterization of the microplankton community allowed identifi-
cation and enumeration of organisms with relatively distinct
morphological characteristics that were present at moderate to
high abundances. Epifluoresence microscopy using blue light
excitation was utilized to differentiate between auto- and het-
erotrophs where possible. Unidentifiable groups of organisms
(e.g., some pennate diatoms, small gymnodinoid dinoflagel-
lates) were classified by size and shape. To better estimate
counting error, ten samples were counted in triplicate.
Coefficients of variation (CV) ranged from 16% for taxa pres-
ent at > 50 cells mL−1 to 28% for taxa present at > 25 cells mL−1

and 38% for taxa present at > 5 cells mL−1. These CVs suggest
that all but the rarest taxa (< 5 cells mL−1) were counted accu-
rately. A simple ratio of dinoflagellate vs. diatom dominance
(dino:diatom) was calculated based on total cell abundances in
each of these classes. Heterotrophic dinoflagellates (e.g.,
Noctiluca scintillans, Polykrikos spp.) were not included in
the calculation of this ratio.

Comparison to Regional Bloom Dynamics

A dataset of HAB taxa and Chl concentrations at the SM Pier
in Santa Monica Bay provided by the Southern California
Coastal Ocean Observing System (SCCOOS; http://www.
sccoos.org/data/habs/) was used to compare biomass and
community composition from the two King Harbor basins

with the larger region. SM Pier data that were sampled <
3 days prior to the harbor sampling dates used (n = 53). Five
HAB taxa were counted in the SCCOOS and harbor datasets:
Akashiwo sanguinea , Alexandrium spp. (primarily
Alexandrium catenella), Dinophysis spp., Lingulodinium
polyedrum, Prorocentrum spp., and Pseudo-nitzschia spp.
The SCCOOS data identifies the Pseudo-nitzschia
delicatissima and Pseudo-nitzschia seriata groups, based on
their distinct profiles as toxin producers (Fernandes et al.
2014). For the purposes of comparison with this study, counts
of those two groups were summed.

Statistical Analyses

Contributions of high-frequency, local environmental and
physical processes (i.e., tidal cycling, wind, and upwelling)
to changes in Chl were investigated using general linear
models and time series analyses. Models of Chl in each basin
were generated using temperature, phosphate, silicate, nitrate,
tidal amplitude, and wind speed as predictor variables. Chl
and phosphate were log-transformed. Upwelling index and
salinity were not included in the models given their high level
of collinearity with nutrient concentrations and general lack of
variability, respectively. Dissolved oxygen was not included
given its frequent covariance with phytoplankton biomass and
the extremely low DO concentrations associated with the
spring 2011 fish kill event (Stauffer et al. 2011).

General linear models were fit to each dataset (‘fitlm’,
MATLAB R2018b) using environmental variables measured
instantaneously with Chl (i.e., within 1 h of sampling, 0-day
lag) and environmental variables averaged over the preceding
week (i.e., 7-day lag). A 7-day lag was used due to the limited
sampling resolution of nutrient concentrations in the current
study, which made it difficult to consider other lags without
substantial and possibly unsupported interpolation of those da-
ta. Models were run without and with the physical variables
(tidal amplitude and wind speed), and overall fit of the models
was compared using adjusted R2 and root mean square error
(RMSE). Standard regression diagnostics indicated that there
were some minor violations of the assumptions of regression
(normality and homoscedasticity of variance). These violations
were largely attributable to three data points for each dataset,
which were removed, and the regressions were re-run. The
regression results without these data points were similar in
significance and parameter value to those producedwhen these
data points were included, and the interpretation remained un-
changed. We have included the model results that include the
three data points in Table A1 (Supplementary Information).

Bivariate relationships between upwelling index and bio-
geochemical variables were measured using Spearman’s rank-
order correlations (ρ) to allow for non-linear relationships.
Comparison of Chl concentrations and HAB taxa abundances
(cells mL−1) at the SCCOOS SM Pier and King Harbor sites
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was done by Pearson Product Moment Correlation.
Multivariate statistical approaches (PRIMER-e, version 7;
Clarke and Gorley 2015) were used to investigate changes in
microplankton community composition in the two harbor ba-
sins and in HAB taxa abundances between the harbor basins
and SM Pier during the study period. Cell abundances were
square-root transformed, and assemblages were compared
using the Bray-Curtis dissimilarity index (Bray and Curtis
1957), which is not affected by absences of species between
samples (Clarke et al. 2014). Resemblance matrices based on
the Bray-Curtis coefficient were further used in cluster analy-
sis with similarity profile permutation tests (SIMPROF) to
examine if dissimilarities among the assemblages were signif-
icant (Clarke et al. 2014) and in non-metric multi-dimensional
scaling (nMDS) to graphically represent distinct assemblages
in two-dimensional space. The BEST Bio-Env routine was
further used to determine which environmental variables best
explained among-sample differences in assemblages in each
basin (Clarke et al. 2014). A permutation-based test statistic
was used to provide a measure of significance of the global
bio-Env model (p < 0.05; Clarke et al. 2014).

A continuous wavelet transform time series analysis was
also used to detect periodic signals in single datasets and pro-
vide correlative comparisons of dominant oscillations be-
tween two datasets. The wavelet method does assume neither
independence of data nor stationarity of the periodicities or
correlations over time (Maraun and Kurths 2004; Maraun
et al. 2007). Wavelet transforms and coherence analyses were
applied to standardized environmental and physical variables
and Chl concentrations normalized to the mean and standard
deviation of those datasets. Time series analyses were run
using the SOWAS package (Maraun et al. 2007; Maraun and
Kurths 2004) in MATLAB (Mathworks) using the Morlet
continuous wavelet function, which offers a good balance of
resolution in both time and frequency (Grinsted et al. 2004).
While the Torrence and Compo (1998) method has been uti-
lized in other recent papers (e.g., Blauw et al. 2012; Carey
et al. 2016), point-wise significance testing used in that meth-
od can lead to high rates of false positives (Maraun et al.
2007). The SOWAS package utilizes more conservative
area-wise significance testing that rejects 90% of falsely sig-
nificant patches that are due to intrinsic correlations in datasets
as a result of the reproducing kernel (Maraun et al. 2007). An
initial scale of 0.1 day (2.4 h) was used for both continuous
wavelet transforms and coherence spectra and scaled up 6
octaves consisting of 12 suboctaves each. For coherence anal-
yses, the time series were smoothed 1 octave in scale and 3
periods in time. Data outside of the cone of influence, an
indication of regions of the spectrum sensitive to edge effects,
were not used in interpretation. Due to data gaps in fall 2010,
wavelet analyses were applied for two periods (May–Oct/
Nov 2010 and Oct/Dec 2010–June 2011) that were 5 and
8 months long.

Results

General Oceanographic Conditions in King Harbor

During the 1-year study period, both basins showed seasonal-
ly increasing temperatures to maxima above 22 °C in summer
(Fig. 2b; Table 1); reductions in salinity associated with storm
events from fall to spring (Fig. 2c); peaks in Chl in summer,
late winter, and spring (Fig. 2e); and generally higher concen-
trations of NO3 and PO4 in spring months (Fig. 2f, g).
Dissolved oxygen was generally high (> 5 mL L−1) through-
out the study period (Fig. 2d), with the exception of a pro-
nounced hypoxia event over 3 months in 2011 associated with
a fish kill event (Fig. 2d, black box; Stauffer et al. 2012, 2013).
The upwelling index was positive for most of the study period,
indicating a net volume of water upwelled near the coast that
reached maxima of 217 and 282 m3 s−1 100 m−1 in late
May 2010 and early June 2011, respectively (Fig. 2h, gray
bars). However, monthly upwelling anomalies based on cli-
matological trends were largely negative (Fig. 2h, black
circles), suggesting minimal overall upwelling during the
study period when compared to interannual and decadal
trends. Notable exceptions were in July and November–
December 2010 and April 2011, during which upwelling
strength was higher than average (Fig. 2h, black circles).
Wind speeds were generally moderate (< 5 m s−1), but high
wind speeds up to 18.4 m s−1 occurred in winter and spring
months (Fig. 2i).

Physical oceanographic conditions were generally highly
correlated between the two basins throughout the study period
(temperature ρ = 0.986, salinity ρ = 0.865, both p < 0.01).
Correlation strength between the two basins was lower, how-
ever, when Chl (ρ = 0.538, p < 0.01) or inorganic nutrient con-
centrations (ρ = − 0.114–0.671) were considered (Table 2).
These differences suggest that NB was, on average, warmer
(+ 0.2 °C), with lower minimum salinity (− 1.5), and had
higher average nutrient and chlorophyll concentrations (+
0.31 μg L−1 Chl; + 0.97 μM NO3; + 1.62 μM PO4, +
9.03 μM SiO4) than SB (Table 1).

Harbor Bloom Events

Application of the constant threshold approach for designating
blooms (> 2 standard deviations from the annual mean; Kim
et al. 2009; Seubert et al. 2013) resulted in threshold chloro-
phyll concentrations of 8.20 μg L−1 and 11.59 μg L−1, in SB
and NB, respectively. These thresholds indicated the initiation
of 11 total blooms (9 and 7 blooms in SB and NB,
respectively, Fig. 2e, initiation dates indicated as vertical
gray lines), while the varying threshold approach (Kim et al.
2009) increased those numbers dramatically (up to 300 bloom
initiation dates). Blooms were identified in the months of
May, June, and December 2010 and January, March, April,
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and May 2011 (Fig. 2). Five of the blooms occurred simulta-
neously in both basins of the harbor (Fig. 2e, black numerals),
while four occurred only in SB (Fig. 2e, blue numerals) and
two occurred only in NB (Fig. 2e, red numerals). Discrete
events were defined by the first date on which Chl exceeded
threshold values for the respective basin and were separated
by at least 1 day from other exceedance measurements. These
events are referred to as “blooms” or “events” throughout the
rest of the study. It should be noted that the blooms in NB and
SB in April 2011 (events #7–9) were each separated by 2 days
and were thus treated as separate events based on the above
definition.

Microplankton community composition in both basins was
dominated by dinoflagellates (and other flagellated protistan

groups), as evidenced by log-transformed dino:diatom ratios
> 0 throughout most of the study period (Fig. 3). With the
exception of two events (#5 and #7), all blooms were domi-
nated numerically by dinoflagellates in the microplankton
(Fig. 3). Euglenids in the genus Eutreptiella and dinoflagel-
lates in the genus Prorocentrum, Chaetoceros spp., and
Akashiwo sanguinea were numerically dominant species in
NB (6.39–21.5%) and SB (7.56–10.33%), comprising of the
assemblages, on average, during the study period (Table 3). In
SB, additional contributions from Pseudo-nitzschia spp.
(7.86%) and small gymnodinoid dinoflagellates (7.12%) dom-
inated microplankton composition (Table 3). The contribu-
tions of Eutreptiella spp. to assemblages in both basins were
largely due to a bloom of that species in January 2011 (event
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Fig. 2 Time series of tidal height (a), temperature (b), salinity (c),
dissolved oxygen (d), corrected chlorophyll fluorescence (e), dissolved
PO4 (f), dissolved NO3 + NO2 (g), upwelling index (h), and 6-h averaged
wind speed (i) in the NB (solid lines) and SB (lighter, dashed lines) of
KingHarbor fromMay 2010 to 2011. Units for parameters are as follows:
tidal height (m from mean low water), temperature (°C), salinity (psu),
dissolved oxygen (mL L−1), chlorophyll fluorescence (μg L−1), dissolved
PO4 and NO3 + NO2 (μM), upwelling index (m3 s−1 of water transporter
100 m−1 of coastline), and wind speed (m s−1). Upwelling index binned to

a 7-day average (gray bars) and upwelling anomaly calculated relative to
monthly climatological means (black dots) are presented (h). Vertical
gray lines in tidal amplitude, chlorophyll, nutrient, and wind speed plots
indicate date of initiation of bloom events. Blue numbers indicate bloom
events occurring in only SB, red numbers indicate bloom events
occurring in only NB, and black numbers indicate bloom events
occurring in both basins. The black and green boxes in d and e
represent the hypoxia-fish kill event and Eutreptiella bloom,
respectively (see “Results”)
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#5; Fig. 3). Overall, SB showed greater assemblage contribu-
tions from diatoms in the genera Chaetoceros, Pseudo-
nitzschia, and Leptocylindrus than NB (Table 3).

Multivariate analyses show significantly distinct micro-
plankton assemblages in each basin over the study period
(SIMPROF, p < 0.05; Fig. 4, gray ellipses). These distinct as-
semblages were driven, in part, by dominance of single taxa,

with group I assemblages dominated by A. sanguinea and
group II assemblages occurring when euglenids were abun-
dant. Assemblages characterized as group III in Fig. 4 primar-
ily occurred when overall biomass was low in each basin. In
NB, PO4 and N:P ratio were the two environmental variables
that best explained the differences in assemblage structure
over the study period (Bio-Env, ρ = 0.293, p < 0.01). These
variables are presented as bubbles in Fig. 4 and show that
group I assemblages (A. sanguinea-dominated) in NB were
primarily associated with high PO4 concentrations (black cir-
cles) and low N:P (gray circles), while group II (with signifi-
cant contributions from euglenids) and group III (generally
low biomass) generally occurred with low PO4 concentrations
and higher N:P. In SB, temperature and N:P ratio were the two
environmental variables that best explained the differences in
assemblage structure over the study period (Bio-Env, ρ =
0.239, p < 0.04). Group I and group III assemblages
(A. sanguinea- and euglenid-dominated, respectively) tended
to occur during periods of higher temperature (white circles),
while group II assemblages were more associated with high
N:P (gray circles) and relatively lower temperature (Fig. 4).
Group I assemblages were, interestingly, also associated with
the lowest N:P ratios in the study (Fig. 4).

Comparisons to Chl and important HAB taxa abundances
measured within the harbor to those measured at SM Pier as
part of the SCCOOS HAB monitoring program allow us to
investigate howKingHarbor and larger regional bloom dynam-
ics are coupled. We were not able to detect significant differ-
ences (p > 0.05) between Chl (n = 39; Fig. 5a) at the NB or SB
sites in King Harbor and SM Pier with zero time lag for the
study period during which data was available for comparison.
Additionally, no significant differences in assemblages were
evident frommultivariate analyses between sites or among sea-
sons (SIMPROF, p > 0.05; Fig. 6). When individual HAB taxa
that were enumerated across the sites were considered, howev-
er, some important relationships became apparent. With zero
time lag, abundances of Prorocentrum spp. in NB and at SM
Pier were weakly correlated between the sites (ρ = 0.053,
p < 0.001; data not shown). When a 1-week lag was applied
to the NB and SB datasets, Chl concentrations between SMPier
and SB were positively correlated (ρ = 0.370, p = 0.017), while
the correlation between SM Pier and NB was still weak
(p > 0.05; Fig. 5b). With a 1-week lag, abundances of
Lingulodinium polyedrum in both harbor basins and SM Pier
were also positively correlated (ρ = 0.639–0.696, p < 0.001;
Fig. 5c), while abundances of Prorocentrum spp. (ρ = 0.386,
p = 0.005) and Pseudo-nitzschia spp. (ρ = 0.464, p < 0.001)
were correlated only between SM Pier and NB (Fig. 5d, e).
Only Prorocentrum spp. abundances were correlated between
both basins and SM Pier when a 1-week lag to SM Pier was
applied (i.e., suggesting movement from King Harbor into
Santa Monica Bay, ρ = 0.400–0.636, p < 0.001, data not
shown). Correlations of other HAB taxa abundances between

Table 1 General oceanographic conditions in the northern (NB) and
southern basins (SB) of King Harbor and Santa Monica Pier (SM Pier,
Chl only), California, May 2010–June 2011. Wind speed and upwelling
index were measured or derived for the whole area; therefore, a single
range is reported. †Minima below the limits of detection

Parameter Minimum Maximum Mean

Temperature (°C)

NB 12.9 22.6 17.3

SB 12.7 22.1 17.1

Salinity

NB 28.2 33.4 33.1

SB 29.7 33.5 33.2

Dissolved oxygen (mL L−1)

NB 0.05 9.75 4.30

SB 0.45 8.26 4.20

Chlorophyll fluorescence (μg L−1)

NB 0.34 43.4 2.84

SB 0.56 28.7 2.53

SM Pier 0.20 35.1 6.37

PO4 (μmol L−1)

NB 0.33 27.7 3.19

SB 0.36 5.13 1.57

NO3 + NO2 (μmol L−1)

NB < 0.20† 20.7 7.33

SB < 0.20† 15.2 6.36

SiO4 (μmol L−1)

NB 6.90 37.6 17.2

SB 0.36 5.13 8.17

Wind speed (m s−1) 0.48 18.4 3.50

Upwelling index
(m3 s−1 100 m−1 coastline)

− 3.85 282 91.3

Table 2 Spearman rank
correlation coefficients
(ρ) for pairwise
comparisons of variables
between the northern
basin (NB) and southern
basin (SB) of King
Harbor. Asterisks
indicate significant
correlations, *p < 0.05.
**p < 0.01

Variable NB SB

Temp 0.986**

Salinity 0.865**

Diss O2 0.811**

Chl 0.538**

PO4 0.671**

NO3 0.368*

Si − 0.114
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the King Harbor basins and SM Pier were not significant, in-
cluding A. sanguinea (p = 0.836), Alexandrium spp. (p =
0.760), and Dinophysis spp. (p = 0.193).

Environmental and Physical Factors Contributing
to Blooms

When temperature, nutrient concentrations, tidal amplitude, and
wind speed were used as predictor variables of Chl in general
linear regression, model solutions for NB included tidal ampli-
tude as a significant predictor only in the 7-day lagged solution
(Table 4). Inclusion of tidal amplitude in this model improved
overall model fit (R2Adj = 0.513) and reduced root mean square
error (RMSE= 0.283) compared to a model that did not include
physical processes (R2Adj = 0.387; RMSE = 0.318; Table 4).
Temperature was the only other significant predictor of Chl in
NB. Phosphate and nitrate were significant predictors of Chl in
SB in both the unlagged and 7-day lagged models, and inclusion
of tidal amplitude improved model fit (R2Adj = 0.449; RMSE=
0.257) over the instantaneous (i.e., 0 day lagged) model without
physical processes included (R2

Adj = 0.399; RMSE = 0.269;
Table 4). The tidal amplitude regression coefficient was consis-
tently negative in all models (Table 4), suggesting that Chl and
tidal amplitude were negatively correlated. Regression models in
SB generally had higher fit than those in the NB, with the excep-
tion of the 7-day lagged NB model that included tidal amplitude
(Table 4). Wind speed was neither a significant predictor in any
of the models nor did inclusion of wind speed improve model
performance (as increased R2Adj or decreased RMSE).

The contributions of tidal cycling to variability of Chl and
phytoplankton bloom dynamics in both basins were further
assessed using continuous wavelet transform and coherence be-
tween physical drivers and the continuously measured,
corrected, and normalized Chl concentrations. Chl variability
showed significant but intermittent 1- and 0.5-day periodicities
(Fig. A2), corresponding to dominant harmonics of the semidi-
urnal tide that characterizes this region. Wavelet coherence
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Fig. 3 Log-transformed ratio of dinoflagellate:diatom abundance in NB
(black) and SB (gray, hatched) communities from May 2010 to
June 2011. †The community on January 18, 2011 was heavily
dominated by euglenids of the genus Eutreptiella, with no diatom or
dinoflagellate species enumerated in the sample. Therefore, the

log10(dino:diatom) is undefined and approaches negative infinity. Blue
numbers indicate bloom events occurring in only SB, red numbers
indicate bloom events occurring in only NB, and black numbers
indicate bloom events occurring in both basins

Table 3 Average relative abundances (based on numeric abundance) of
taxonomic groups contributing ≥ 1% of microplankton community
abundance in the northern and southern basins of King Harbor. Dashes
indicate groups that contributed < 1% of average microplankton relative
abundance in that location during the study period. Standard errors of the
mean are presented in parentheses for each taxonomic group

Taxonomic group Class Rel. abundance (%)

Northern Southern

Eutreptiella spp. Euglenophyceae 21.5 (0.03) 9.52 (0.03)

Prorocentrum spp. Dinophyceae 8.98 (0.02) 9.32 (0.02)

Chaetoceros spp. Bacillariophyceae 8.97 (0.03) 10.3 (0.02)

Akashiwo sanguinea Dinophyceae 6.39 (0.03) 7.56 (0.03)

Small gymnodinoids Dinophyceae – 7.12 (0.01)

Navicula spp. Bacillariophyceae 5.42 (0.01) 3.80 (0.01)

Leptocylindrus spp. Bacillariophyceae 3.78 (0.01) 4.60 (0.02)

Uronema-like ciliate Oligohymenophorea 3.70 (0.02) 4.20 (0.02)

Putative raphidophyte Raphidophyceae 3.10 (0.02) 2.16 (0.01)

Scrippsiella spp. Dinophyceae 2.53 (0.01) 3.51 (0.01)

Pseudo-nitzschia spp. Bacillariophyceae 2.16 (0.01) 7.86 (0.02)

Silicoflagellates Actinochrysophyceae 2.00 (0.01) –

Large gymnodinoids Dinophyceae 1.89 (0.01) 1.59 (0.01)

Lingulodinium
polyedrum

Dinophyceae 1.89 (0.01) 2.61 (0.01)

Dinoflagellate cysts Dinophyceae 1.68 (0.01) 2.45 (0.01)

Rhizosolenia spp. Bacillariophyceae 1.66 (0.01) 1.27 (0.01)

Oligotrich ciliates Spirotrichea 1.27 (0.01) 2.45 (0.01)

Ceratium spp. Dinophyceae 1.24 (0.01) 2.19 (0.01)
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Fig. 5 Scatter plots of Chl with
no lag (a) and with a 1-week lag
(b) applied to the King Harbor
data in NB (filled circles) and SB
(open circles) and at SM Pier (x-
axis). Scatter plots of abundances
for HAB taxa Lingulodinium
polyedrum (c),Prorocentrum spp.
(d), and Pseudo-nitzschia spp. (e)
in King Harbor sites and at SM
Pier with a 1-week lag applied to
the King Harbor abundances. SM
Pier data was obtained from the
SCCOOS HAB data portal
(http://www.sccoos.org/), and
only samples collected within the
3 days prior to the King Harbor
samples were used

NB SB

Group I

Group II

Group III
Group III

Group I

Group II
A) Temp
B) N:P

A) PO4
B) N:P

Fig. 4 Non-metric multi-dimensional scaling (nMDS) plots of
microplankton assemblages from NB (left) and SB (right). Plankton
abundances were square root transformed and resemblances were based
on the Bray-Curtis dissimilarity index. Symbols for each sample (n = 44
for NB, 43 for SB) are presented as bubbles based on the top two
environmental variables that explain the dissimilarities in each set of
assemblages (see discussion of BIO-Env in “Results”): dissolved PO4

(black) and N:P ratio (gray) for NB and temperature (white) and N:P
ratio (gray) for SB. Size of the bubble represents linear scales of the
normalized variables, i.e., a larger N:P bubble indicates a higher N:P
ratio measured for that sample timepoint. Gray ellipses indicate
significantly different groups of assemblages with significant
differences, based on SIMPROF analysis (p < 0.05). Groups (I–III)
represent shared characteristics of these assemblages in both NB and SB
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spectra showed strong and significant (p < 0.05, via area-wise
test (Maraun et al. 2007)) correlation of dominant periodicities
in Chl and tidal amplitude which were most common in fall–
winter (Aug–Dec; Fig. 7a) in NB and in fall–winter and early
spring (Jan–Mar 2011) in SB (Fig. 7b). Bloom initiation (gray
vertical lines; Fig. 7) occurred during periods when the coher-
ence of tidal amplitude and Chl was minimal (cooler colors) and
not statistically significant (areas without bold black outlines;
Fig. 7), suggesting blooms began when periodicities of tidal
cycle and Chl were less correlated with one another.

Finally, since the upwelling index was not included in the
multiple regression models of Chl described above, interactions
among upwelling, temperature, nutrient concentrations, and Chl
were quantified via bivariate correlation analyses. Spearman rank
correlation of untransformed data showed significant positive
correlations (p < 0.05) of upwelling index with both temperature
(ρ = 0.361–0.476) and Chl (ρ = 0.358–0.604) and significant
negative correlations (p < 0.05) of upwelling index with nitrate
concentrations (ρ =− 0.337 to − 0.296) in both basins.

Discussion

The purpose of the present study was to understand the extent to
which local, high-frequency physical processes contribute to
phytoplankton blooms in a semi-enclosed harbor in the
Southern California Bight, rather than environmental and phys-
ical drivers of phytoplankton blooms operating seasonally and/or
over multiple years. Several studies in the past decades
(Bialonski et al. 2016; Legaard and Thomas 2006; Mantyla
et al. 2008; Nezlin and Li 2003; Nezlin et al. 2004; Nezlin

Fig. 6 nMDS plot of HAB taxa assemblages (6 taxa) in King Harbor NB
(circles) and SB sites (squares) and at SM Pier (triangles) collected within
the 3 days prior to the NB and SB samples (no lag). Data are plotted
according to seasons: spring (March–May, black), summer (June–
August, dark gray), fall (September–November, light gray), and winter
(December–February, open symbol). SM Pier data was obtained from the

SCCOOS HAB data portal (http://www.sccoos.org/). Assemblage data
were square-root transformed, and the Bray Curtis dissimilarity index
was used to build a resemblance matrix. Gray ellipse indicates samples
with no significant differences in assemblage, based on SIMPROF
analysis (p < 0.05)

Table 4 Results from general linear regression analyses of NB and SB
weekly Chl with (top) and without (bottom) tidal amplitude as a predictor
variable and including zero (0 day) and 1-week (7 days) lagged
environmental data. Predictor variable coefficients and p values and
model diagnostics (adjusted R2, root mean square error [RMSE]) are
given for each model (with and without tidal amplitude). The three
upper Chl data points were trimmed from the dataset (see Table A1 for
untrimmed model results). Chl and PO4 were log-transformed prior to
analysis. Upwelling index and salinity were not included in the models
given their high level of collinearity with nutrient concentrations and
general lack of variability, respectively. All regression models were
significant (p < 0.01). Asterisks indicate significant predictor variables,
*p < 0.05 and ** p < 0.01, and † indicates p = 0.050–0.055

NB SB

0 day 7 days 0 day 7 days

Predictor variables (w/ tidal amplitude)

Temperature 0.063* 0.101** − 0.017 − 0.009
PO4 0.098 0.032 − 0.350* − 0.220
Si 0.013 0.019 0.037 0.044

NO3 − 0.005 0.012 − 0.037* − 0.071*
Tidal amplitude − 0.243 − 5.30** − 0.182* − 1.78

R2Adj 0.360 0.513 0.449 0.446

RMSE 0.3250 0.283 0.257 0.258

Predictor variables (no tidal amplitude)

Temperature 0.074* 0.077* − 0.018 − 0.017
PO4 0.153 0.135 − 0.280† − 0.093
Si 0.016 0.022† 0.042† 0.039

NO3 − 0.006 0.003 − 0.052* − 0.088**
R2Adj 0.303 0.387 0.399 0.442

RMSE 0.3390 0.318 0.269 0.259

Estuaries and Coasts (2020) 43:909–926 919

http://www.sccoos.org/


et al. 2012; Shipe et al. 2008) have sought to understand phyto-
plankton blooms in the Southern California Bight and California
Current Ecosystem in the context of upwelling and other large-
scale physical and biogeochemical features. Few, however, have
studied such dynamics at higher frequencies and in the nearshore
environments whichmay play roles as incubators in larger coast-
al phytoplankton dynamics (Cloern et al. 2014; Ryan et al. 2008)
and in which satellite-based approaches are notoriously difficult
(Kahru and Mitchell 1998). Notable exceptions exist. Omand
et al. (2012) employed high-frequency (< hourly) data to under-
stand blooms occurring in summer-fall. Other studies used
weekly or biweekly data to assess longer term trends in Chl
(e.g., Kim et al. 2009) or spatial distributions and connectivity
among HAB communities (Bialonski et al. 2016; Shipe et al.
2008). The current study fills a gap in our understanding of
phytoplankton blooms in this region by investigating bloom dy-
namics over the course of a full annual cycle through the use of
both high (hourly) andmedium (weekly) frequency data in order
to resolve changes in overall biomass (Chl) and community
structure in the phytoplankton community. Additionally, we
have considered locally acting physical processes, including tidal
and wind-driven mixing, that are likely affecting phytoplankton
biomass and composition in addition to biogeochemical process-
es in these systems.

Phytoplankton Blooms in King Harbor

Eleven phytoplankton blooms exceeding 2 standard devia-
tions of the mean were identified over the 13-month study
period in King Harbor. Given that bloom events #7–9 only
lasted 2 days each (Table 3), this bloom frequency (9 blooms

[treating events #7–9 as one) in 13 months, or a bloom every
1.44 months) is comparable to the frequency (three blooms in
5 months, or blooms every 1.67 months) observed off
Huntington Beach by Omand et al. (2012). This rate of bloom
occurrence is also similar to, but more frequent than, the major
+minor bloom frequencies observed from the Scripps Pier (5–
7 events per year, or blooms every 1.71–2.4 months; Kim
et al. 2009) and off the Redondo Beach Pier in Santa
Monica Bay (8 blooms over a two-year period, or blooms
every 3 months; Seubert et al. 2013). Bloom events in King
Harbor occurred primarily in late spring and summer months,
with the exception of two events in winter (events #4 and 5;
Table 3). These results are also consistent with the 20-year
time series at Scripps Pier (Kim et al. 2009), in which the
highest frequency of blooms (94% of blooms) observed in
spring–summer (shifted to winter–spring after 1994), and with
other studies (e.g., Nezlin et al. 2012) that show spring–
summer as the period of highest Chl and bloom occurrence
in the Southern California Bight.

Only five of the eleven detected bloom events occurred in
both harbor basins simultaneously (Fig. 2), and correlation of
Chl concentrations between both harbor basins was lower (yet
still significant) than correlations of physical environmental
variables (Table 2). The two harbor basins both experienced
a bloom event (#1) in mid-May 2018 (Fig. 2); yet that event
was dominated by diatoms in NB (primarily Chaetoceros
spp.) and dinoflagellates in SB (primarily A. sanguinea; Fig.
3). Microplankton assemblages dominated by A. sanguinea,
euglenids in the genus Eutreptiella, and those with overall low
biomass were significantly different from the other assem-
blages during the study period in each basin (Fig. 4).
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Fig. 7 Wavelet coherence spectra of normalized tidal height and
chlorophyll fluorescence from May 2010 to June 2011 in the northern
(a) and southern (b) basins. Warmer colors indicate increased power of
the coherence. Thin white contour lines indicate 95% significance using
point-wiseMonte Carlo simulation against red noise. Thick black contour
lines denote significant areas using both point- and area-wise significance
tests (see “Methods”) and were the areas considered significantly

coherent in the present study. Vertical black lines indicate date of
initiation of bloom events, and numbers below x-axes correspond to
bloom event numbers in Figs. 2 and 3. The dark blue-shaded, black
line-enclosed curve along the edge of each plot indicates the cone of
influence (COI). Data points above the cone were not used in
interpretation. Vertical gray lines indicate date of initiation of bloom
events, as in Fig. 2
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Overall, differences in microplankton assemblages in NB and
SB were best explained by variability in nutrient concentra-
tions (PO4 and N:P ratio, primarily) and temperature (in SB).
Together, these results suggest a high degree of heterogeneity
across the small spatial scale of King Harbor (approx. 0.5 km2

in total area) which is also reflected in differences in the mul-
tivariate drivers of phytoplankton biomass and bloom events
(see discussion below).

Physical Processes Contributing to Blooms

Our results revealed significant, yet differential, environmen-
tal and physical controls of Chl in KingHarbor basins over the
course of the study. Nutrient concentrations were not as sig-
nificant or consistent predictors of biomass or blooms in King
Harbor as other studies have reported for coastal waters of the
SCB (e.g., Bialonski et al. 2016; Omand et al. 2012; Shipe
et al. 2008). Inorganic nutrient concentrations were not signif-
icant predictors of biomass in either of the NBmodels, despite
PO4 concentration and N:P ratio significantly explaining var-
iability in community structure in NB (Fig. 4, and see
discussion above). Given the generally higher average con-
centrations of nutrients in NB than in SB (Table 1), it appears
that inorganic nutrients were not the primary factors control-
ling biomass or bloom development in NB but did contribute
to the success of certain species in the assemblages.

In contrast, PO4 and NO3 were significant predictors of Chl
in SB, although negative regression coefficients for both sug-
gest that dissolved nutrient concentrations measured weekly
may not effectively capture the temporal dynamics of nutrient
availability and primary producer uptake. Indeed, improved
model fit for the 7-day lagged regression results for SB under-
score the need for time-lagged nutrient concentrations—not
just those collected concomitant with samples for primary
producers—to be used in predictions of phytoplankton
blooms. These results agree with those of Omand et al.
(2012), which showed a strong predictive relationship be-
tween NO3 and phytoplankton blooms observed in San
Pedro Bay coastal waters in summer and fall and a 6–10 day
lag in the Chl response to nutrient fluxes. N:P ratio, along with
temperature, also significantly explained variability in com-
munity structure in SB (Fig. 4 and see discussion above). The
negative regression of NO3 and Chl and relationship between
N:P and microplankton assemblage may reflect use of other
forms of nitrogen (i.e., NH4, urea, organic N) by the primarily
dinoflagellate-dominated blooms in the harbor basins, consis-
tent with documented physiological flexibility in N use (and
potential for mixotrophy) by these organisms (as reviewed by
Dagenais-Bellefeuille and Morse 2013; Glibert et al. 2016)
and the known significant contribution of anthropogenic
forms of N to total N in Santa Monica Bay (Howard et al.
2014; Sengupta et al. 2013). The dominance of A. sanguinea,
a dinoflagellate known to use a variety of reduced forms of N

(e.g., Mulholland et al. 2018), in group I assemblages in both
basins when N:P ratios were minimal (Fig. 4) supports this
interpretation.

Our results also suggest that spatial variability in the
strength of these environmental predictors on nearshore phy-
toplankton blooms is exceptionally high, with connected har-
bor basins less than 0.25 km apart showing different forms of
biogeochemical and physical control. Chl in NB was signifi-
cantly predicted by temperature (i.e., higher biomass in warm-
er months) and reduced tidal amplitude in the preceding week
(i.e., higher biomass with reduced tidal range). SB Chl was
also significantly predicted by tidal amplitude in the non-
laggedmodel (Table 4). Time series analyses underscore these
results: wavelet coherence analyses show that bloom initiation
occurred during periods when variability in Chl biomass was
decoupled from diurnal and semidiurnal periodicities related
to the tidal cycle (Fig. 6). Together, these results suggest a
release from oscillatory, recurring tidal control when tidal cur-
rents and their associated effects on mixing are low, i.e., dur-
ing periods of neap tide. Indeed, 57% of identified bloom
events in NB and 56% of bloom events in SB initiated within
4 days of neap tide in this system. Such effects have been
characterized as “tidal stirring,” most notably by Cloern
(1991) in the San Francisco Bay estuary, and by others in other
estuarine ecosystems around the world (Balch 1981; Blauw
et al. 2012; Leles et al. 2014; Lucas et al. 1999; Michael et al.
2006; Moser et al. 2017; Sin et al. 1999). However, the effects
of tidal stirring on phytoplankton biomass and bloom dynam-
ics in the nearshore reaches of the SCB—where upwelling and
oceanographic forcing are considered the norm—have not
been highlighted as a driving factor for blooms until now.

Upwelling did not appear to be a significant factor in bloom
dynamics within King Harbor. While a significant and posi-
tive correlation between upwelling index and Chl was ob-
served in this study, correlations between upwelling index
and temperature (positive) or nitrate (negative) were counter
those expected from our understanding of the biogeochemical
effects of upwelling on coastal water columns (e.g., Palacios
et al. 2013). That is, lower temperature and higher nutrient
concentrations resulting from upwelling are generally posi-
tively correlated with bloom events. This lack of an upwelling
signature may be due to a few factors. First, upwelling was
generally minimal during the study period, with monthly
anomalies indicative of downwelling (i.e., negative) except
in a few months during the study period (Fig. 2h, filled
circles). Upwelling is not consistent in time or space (Hickey
1979), and the study location lies in a transition zone from
lower (south of 33°N) to higher (north of 33°N) influence of
upwelling (Macias et al. 2012; Schwing et al. 1996). The
seasonal signature of upwelling also appears especially damp-
ened in the nearshore and eastern SCB when compared with
other regions in the CCE (Legaard and Thomas 2006; Strub
et al. 1990). Second, our results suggest that solar heating in
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coastal embayments may be driving covariance among envi-
ronmental variables, i.e., upwelling, and temperature all in-
creased throughout the spring and summer months, periods
when Chl was also high, while nitrate concentrations peaked
in late winter (Feb–Mar) when upwelling index and tempera-
ture were both low (Fig. 2). Temperature consistently predict-
ed Chl (and was a significant predictor in NB) in multiple
regression models in King Harbor and was also an
explanatory variable for microplankton community structure
in SB. These results are in contrast to observations by Kim
et al. (2009) in the southern SCB that temperature does not
accurately predict long-term variations in Chl. These results
are consistent, however, with observations of temperature as a
predictor of blooms in an offshore location in Santa Monica
Bay, approximately 30 km from our study site (Shipe et al.
2008), again highlighting the spatial heterogeneity of process-
es affecting phytoplankton in the SCB.

Finally, our observations of a relatively minor role for up-
welling in the biogeochemistry in King Harbor is also consis-
tent with the substantial contributions of anthropogenic sources
to total N in the Santa Monica Bay region of the SCB (Howard
et al. 2014; Sengupta et al. 2013). Anthropogenic N sources
would predominantly be in the form of NH4 delivered from
publicly owned water treatment works (POTWs) rather than
river runoff, which is limited to the fall–spring wet season
(Howard et al. 2014; Sengupta et al. 2013). This delivery of
N to the SCB has been shown to stimulate growth of
phytoplankton—primarily dinoflagellates—and especially as
it mixes with coastal water masses (Reifel et al. 2013).
However, NH4 concentrations were not measured in the current
study, so we can only conclude that the nitrate (and likely other
forms of N) that was a significant predictor of the primarily
dinoflagellate blooms in the southern basin of King Harbor
was likely delivered by processes other than upwelling or was
being recycled within the harbor itself (i.e., by nitrification).
Taken as a whole, our results suggest that, in the semi-
enclosed waters of King Harbor, upwelling plays a less signif-
icant and less direct role in stimulating growth of phytoplankton
than in waters further offshore or in different regions of Santa
Monica Bay and the SCB.

Regional Implications

The current study was not able to quantify the physical or
biogeochemical drivers of phytoplankton biomass or blooms
outside of King Harbor during the study period, so it is not
possible to determine what, if any, components of the observed
dynamics are directly attributable to advective transport be-
tween King Harbor and Santa Monica Bay. However, by com-
paring Chl and important HAB taxa abundances measured
within the harbor and at SM Pier as part of the SCCOOS
HAB monitoring program, some similarities between bloom
dynamics in the harbor and the larger region were observed.

Chl in SB, NB, and at SM Pier was similar in overall magni-
tude, although the generally higher minima in King Harbor
likely reflect less nutrient-limited growth than offshore. Chl
in SB and at SM Pier was significantly correlated when a 1-
week lag was applied to the harbor data, suggesting a potential
transport of primary producer biomass from SantaMonica Bay
into the more open basin (SB) of King Harbor. SB also showed
greater importance of inorganic nutrients in predicting Chl (see
discussion, above), suggesting that, of the two basins, SB may
operate more like the adjacent coastal ocean.

Abundances of shared HAB taxa also shed some light on
the potential relationship between KingHarbor bloom dynam-
ics and those in Santa Monica Bay. Multivariate analyses of
HAB taxa did not show any significant differences in assem-
blages between King Harbor and SM Pier over the whole
dataset (Fig. 6), and the abundances of several HAB taxa
(Alexandrium spp., A. sanguinea, and Dinophysis spp.) were
not significantly correlated between the two regions. In con-
trast, Pseudo-nitzschia spp. and Prorocentrum spp. were sig-
nificantly correlated between SM Pier and NB when a 1-week
lag was applied to the harbor data, suggesting a potentially
offshore origin for these taxa (Fig. 5). Onshore transport of
Pseudo-nitzschia spp. from offshore areas of origin is sug-
gested to occur via internal waves associated with periods of
upwelling relaxation (Shanks et al. 2014) and have been ob-
served in other studies in the SCB (Seegers et al. 2015).
Bialonski et al. (2016) also showed a southward transport of
Prorocentrum spp., from SM Pier to Newport Pier in San
Pedro Bay. However, it is also worth noting that dinoflagel-
lates in the genus Prorocentrum were present in over 60% of
the King Harbor and 100% of the SM Pier samples. It is
therefore possible that correlations in abundances of this
HAB taxa (with or without time lags) reflect its persistent
presence throughout Santa Monica Bay.

Abundances of Lingulodinium polyedrum were also posi-
tively correlated between both basins in King Harbor and SM
Pier when a 1-week lag was applied to the harbor data. This
correlation may indicate onshore transport or that the process-
es controlling the success of L. polyedrum in the nearshore
(harbor) and coastal (pier) locations are similar. Unlike
Pseudo-nitzschia, blooms of L. polyedrum are often quite vis-
ible in nearshore waters (Moorthi et al. 2006). Studies have
also suggested a role for upwelling relaxation (and the
potential onshore transport that entails, McCabe et al. 2015)
in stimulation of L. polyedrum blooms (Smayda 2010) and
wind-driven drift of warm surface waters in the maintenance
of these blooms (Ruiz-de la Torre et al. 2013). It is therefore
possible that these species may be further transported towards
nearshore waters via similar mechanisms as for Pseudo-
nitzschia; however, greater spatial resolution would be re-
quired to determine if this is, in fact, driving the lagged, pos-
itive correlation of L. polyedrum in these two areas.
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These results suggest the potential for King Harbor—and oth-
er nearshore embayments—to serve as a reservoir for HAB spe-
cies and phytoplankton, more broadly, transported in from Santa
MonicaBay and the SCB. The dinoflagellate specieswhich show
evidence for onshore transport in this study (Prorocentrum spp.
and L. polyedrum) are also both known to produce temporary
(ecdysal) or resting cysts (Figueroa and Bravo 2005; Grzebyk
and Berland 1996). It is therefore possible that, once cyst banks
in these nearshore waters are established, they may persist and
seed future HABs in the region. To better understand bloom
dynamics—both within nearshore environments such as King
Harbor and in the larger coastal ocean—requires a more highly
resolved understanding of the physical and biogeochemical pro-
cesses controlling phytoplankton biomass and community com-
position in space and time in these systems.
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