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The stimulation and dominance of potentially harmful phytoplankton taxa at a given locale and time are determined
by local environmental conditions as well as by transport to or from neighboring regions. The present study in-
vestigated the occurrence of common harmful algal bloom (HAB) taxa within the Southern California Bight, using
cross-correlation functions to determine potential dependencies between HAB taxa and environmental factors, and
potential links to algal transport via local hydrography and currents. A simulation study, in which Lagrangian particles
were released, was used to assess travel times due to advection by prevailing ocean currents in the bight. Our results in-
dicate that transport of some taxa may be an important mechanism for the expansion of their distributions into other
regions, which was supported by mean travel times derived from our simulation study and other literature on ocean
currents in the Southern California Bight. In other cases, however, phytoplankton dynamics were rather linked to
local environmental conditions, including coastal upwelling events. Overall, our study shows that complex current pat-
terns in the Southern California Bight may contribute significantly to the formation and expansion of HABs in add-
ition to local environmental factors determining the spatiotemporal dynamics of phytoplankton blooms.
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I N T RO D U C T I O N

Phytoplankton blooms are a common phenomenon of
coastal ecosystems globally. These events have been well
documented along the coast of the Southern California
Bight, which typically exhibits significant spring blooms
followed by several episodic blooms throughout the rest of
the year (Nezlin and Li, 2003; Busse et al., 2006; Schnetzer
et al., 2007; Anderson et al., 2008; Shipe et al., 2008; Kim
et al., 2009). Some of the bloom-forming algal species in
this region may have harmful effects on local food webs
(harmful algal blooms, HABs) and include potentially
toxic species as well as non-toxic, high-biomass producers
that can lead to hypoxia and anoxia and thus indiscrimi-
nant mortalities of marine life after reaching dense abun-
dances (e.g. Kudela et al., 2005; Heisler et al., 2008). For
instance, blooms of the toxic diatom Pseudo-nitzschia spp.
have occurred frequently in coastal waters near Los
Angeles throughout the last decade, and the San Pedro/
Long Beach harbor region has been identified as a “hot
spot” for outbreaks of marine animal mortality events
attributed to the neurotoxin domoic acid (Schnetzer et al.,
2007, 2013). Additionally, massive red tides caused by the
potentially toxic dinoflagellate Lingulodinium polyedrum spor-
adically occur along the coastline of Southern California
(Allen, 1946; Holmes et al., 1967; Gregorio and Pieper,
2000; Moorthi et al., 2006; Shipe et al., 2008; Omand et al.,
2011). These latter blooms have not yet been associated
with marine animal or human illness in the area, even
though the production of yessotoxin (a potential cardio-
toxin) by this species has been confirmed (Howard et al.,
2008). Other toxin-producing or noxious phytoplankton
genera that occur along the coast of Southern California
include raphodiphyte and dinoflagellate species from the
genera Akashiwo, Alexandrium, Cochlodinium and Dinophysis

(Jessup et al., 2009; Caron et al., 2010; Garneau et al., 2011;
Howard et al., 2012; Lewitus et al., 2012).

Some of these HABs occur sporadically, whereas
others appear on a regular annual basis, although their
magnitude, the exact timing of their onset, their specific
location and geographical extent within the bight, their
composition (i.e. which species dominates) as well as their
duration and termination vary significantly from year
to year. Although this variability is believed to relate to a
variety of physical, chemical and biological conditions
(Pettersson and Pozdnyakov, 2013), it has proven difficult
to accurately predict when and where blooms of particu-
lar species will occur. Coastal upwelling, specific hydro-
dynamics and land-based inputs of nutrients (major
effluent discharges, river discharge and land runoff ) have
all been implicated as possible causes for HABs caused
by Pseudo-nitzschia (Trainer et al., 2000; Parsons et al.,
2002; Kudela et al., 2005; Howard et al., 2007; Anderson

et al., 2008) and dinoflagellates (Omand et al., 2012; Reifel
et al., 2013).

The documentation of such bloom events and a compre-
hensive understanding of potential environmental condi-
tions leading to them require long-term data sets of
microalgal abundances and environmental parameters
(Kim et al., 2009; Glibert et al., 2010; Frolov et al., 2012).
The Southern California Coastal Ocean Observing System
(SCCOOS) HAB monitoring program was initiated in
2008 and is carried out by researchers from the California
Polytechnic University, University of California Santa
Barbara, University of California Los Angeles, University
of Southern California and the Scripps Institution of
Oceanography, University of California San Diego. This
program entails weekly sampling from six different pier
locations along the coast of Southern California (at the Cal
Poly, Goleta, Stearns Wharf (SW), Santa Monica, Newport
and Scripps piers). More recently, Santa Cruz Wharf and
Monterey Wharf to the north of the Southern California
Bight were added. Samples are analyzed for microalgal
abundances, domoic acid in the particulate material in the
water (produced by the toxic diatom Pseudo-nitzschia spp.)
and nutrient concentrations, and basic chemical/physical
parameters are provided by automated sensor packages
maintained by SCCOOS (salinity) or hand-held instru-
ments (temperature). Data from these sites are made public-
ly available through the SCCOOS website (http://www.
sccoos.org/).

We employed a subset of the SCCOOS HAB data
set obtained weekly at four different locations along the
coast of the Southern California Bight to investigate the
spatial patterns of algal bloom formation and propagation.
Our goal was to differentiate the relative importance of
growth of algal populations locally within the bight and
dispersal between the sampling sites as factors explaining
the timing of blooms and species composition of the algal
community. Dispersal is largely non-random in the ocean.
It is controlled by currents, which in turn are the result of
an interplay among winds, tides and topography, and
therefore usually directional.

Transport by prevailing ocean currents is a well-known
mechanism for the propagation of HABs (Franks and
Keafer, 2003), as shown, for instance, for Alexandrium tamar-

ense (Franks and Anderson, 1992a, 1992b) and Alexandrium

fundyense in the western Gulf of Maine (e.g. Anderson et al.,
2005), for Dinophysis acuminata (Raine et al., 2010) and
Dinophysis acuta (Farrell et al., 2012) in coastal waters off the
southern coast of Ireland and for Pseudo-nitzschia in the
Northwest Pacific (Giddings et al., 2014). Directional dis-
persal might be expected to yield sequential blooms of
planktonic taxa if local blooms initiate in a location and
then spread from that location primarily as a consequence
of dispersal through water movement. Conversely, if local
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blooms arise largely from highly localized processes acting
on seed populations that are continuously present at all
sites, then blooms in different local environments might
not be expected to be sequential, but more random in ap-
pearance along the coast, unless the conditions favoring a
species also appear sequentially at various locales [e.g.
south-to-north (S-to-N) progression of seasonal warming,
water stratification, etc.].

This study investigated the appearance of common
HAB taxa at four piers within the Southern California
Bight. Statistical analyses were performed in an effort to
determine potential dependencies between algal species
and environmental factors and to elucidate whether the ap-
pearance and dominance of HAB species arose as inde-
pendent events at the various sampling sites or appeared
first at a single location and in turn acted as “seed popula-
tions” for adjacent regions via local hydrography and cur-
rents. The analysis was accompanied by a simulation study
in which Lagrangian particles were released in a Regional
Ocean Model System in order to assess typical travel times
between the piers.

M E T H O D

Sampling area

The Southern California Bight extends for �700 km along
the lower portion of the coast of California, from Point
Conception to Cabo Colnett, Mexico. There is a rich history
of the study of phytoplankton assemblages in the region,
outlining the basic oceanographic features controlling pri-
mary production (Cullen and Eppley, 1981; Eppley et al.,
1985; Hickey, 1992). Circulation in the bight is complex and
is affected by the California Current, a boundary current of
the eastern North Pacific that moves southward along the
continental coast, leading to northward-moving currents

(California Countercurrent and California Undercurrent)
that are induced by circulation and especially eddies
formed off the shoreward side of the California Current.
Wind forcing (both seasonally changing winds that blow
north-to-south (N-to-S) alongshore and occasionally
onshore-to-offshore) and physical impediments to these
flows presented by the Channel Islands also contribute to
complex circulation in the bight.

These features give rise to counterclockwise eddies of
varying sizes and velocities, as well as seasonal upwelling
along the coast (usually in winter and early spring), that
affect water movement and phytoplankton production in
the bight. Eddies cause significant lateral water movement
within the bight, while upwelling-favorable winds trans-
port surface waters seaward, resulting in the injection of
nutrient-rich waters into the surface waters close to the
coast. In addition, portions of the bight are influenced by
inputs of anthropogenic nutrients resulting from major
discharges from water treatment facilities in the region,
as well as three highly channelized rivers (Santa Ana,
Los Angeles and San Gabriel Rivers). These inputs con-
tribute a substantial portion of the total nutrient loading
of coastal waters in the bight. Locally (e.g. on the San
Pedro shelf ), these anthropogenically derived or influenced
sources can deliver nutrient loads of the same magnitude
as natural sources of nutrients contributed by upwelling of
nutrient-rich deep waters (Howard et al., 2014).

Data collection

All data were obtained from the SCCOOS (downloaded
in March 2013 from http://www.sccoos.org). Data were
collected at four shore stations along the coast of Southern
California [Goleta Pier (GP), SW, Santa Monica Pier
(SMP) and Newport Pier (NP, Table I and Fig. 1)], cover-
ing �250 km of coastline between GP and NP. Sampling

Table I: Sampling location (latitude and longitude), monitoring period in which weekly samples were taken,
number of data points analyzed in this period, range of chlorophyll a (Chl. a), nitrate (N), phosphate (P)
and domoic acid (DA) concentrations and ranges of water temperature for the four different sampling stations

Sampling station
Sampling location
(lat./long.)

Monitoring
period

No. of data
points Chl. a (mg/L) N (mM) P (mM) DA (mg/L)

Water
temp. (8C)

Goleta Pier 348 24.970 N
1198 49.720 W

12/13/2008
–
09/26/2011

122 0.0–16.8 0.02–21.58 0.27–1.90 0–6.6 11–21

Stearns Wharf 348 24.480 N
1198 41.100 W

06/30/2008
–
12/17/2012

236 0.2–19.2 0.01–23.90 0.13–2.35 0–9.3 10–21

Santa Monica Pier 348 0.480 N
1188 29.940 W

06/30/2008
–
08/20/2012

220 0.2–42.1 0.03–12.53 0.14–2.35 0–1.5 12–23

Newport Pier 338 36.370 N
1178 55.870 W

06/30/2008
–
01/22/2013

228 0.1–37.2 0.15–13.19 0.11–1.82 0–3.0 11–24

The maximum number of available data points for each observable can differ for the same monitoring period because of recording gaps.
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started in June 2008 for all piers except for GP (December
2008) at a mean sampling interval Dt of 1 week, resulting
in 122–236 data points per sampling station (Table I).

Methodology for sample collection and processing was
standardized across the sampling sites. Briefly, samples were
collected weekly on the same day of the week at each pier
from surface waters using a clean bucket. Temperature was
measured using a hand-held thermometer. Samples for the
analysis of phytoplankton abundance and species compos-
ition were preserved and counted by inverted compound mi-
croscopy using the Utermöhl technique (Utermöhl, 1958).
Dominant phytoplankton taxa were recorded and quantified
from each sample, particularly HAB species (discussed subse-
quently). The concentration of chlorophyll a in each sample
was determined fluorometrically from samples filtered onto
GF/F glass fiber filters (Whatman) and extracted overnight
in 100% acetone at 2208C in the dark (Parsons et al., 1984).
Domoic acid present in the plankton was assessed by
enzyme-linked immunosorbent assay of the particulate ma-
terial filtered onto glass fiber filters (Schnetzer et al., 2013).
Samples for dissolved inorganic nutrients (nitriteþ nitrate,
ammonium, phosphate and silicate) were collected and sent
for analysis to the Marine Science Institute at the University
of California Santa Barbara. Not all analyses were available
for all sampling sites or dates.

In our analyses, we considered time series of abun-
dances of different phytoplankton taxa, including Akashiwo

sanguinea, Alexandrium spp., Dinophysis spp., L. polyedrum,
Prorocentrum spp., Pseudo-nitzschia spp. (seriata size class) and
Pseudo-nitzschia spp. (delicatissima size class). The latter two
identifications each include a cluster of morphologically
similar species (sensu lato Seubert et al., 2013), herein re-
ferred to as Pseudo-nitzschia seriata and Pseudo-nitzschia delica-

tissima, respectively. We also included chlorophyll a as a
proxy for total algal biomass and inorganic nutrients and
temperature as abiotic factors.

We restricted our analyses to four sampling stations (SW,
GP, SMP and NP), as these stations occurred within an
area that matched the area of a simulation study of ocean
currents by Mitarai et al. (2009), to which we compared our
results in order to link spatial current patterns and current
velocities to the occurrences and bloom events of particular
algae; that is, to understand spatiotemporal dynamics of
algal abundances (discussed subsequently).

Data processing

Time series of all factors were visually inspected. An outlier
from the phosphate time series (occurring 30 August 2010)
at SMP was identified and removed prior to subsequent

Fig. 1. Location of the SCCOOS weekly HAB monitoring piers in southern California, North American west coast, chosen for analysis and
maintained through a collaboration of five university laboratories, beginning in June 2008.
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steps of analysis. In cases for which two samples of chloro-
phyll were taken at the same time and same station, we cal-
culated the average of the samples.

Statistical analysis

We estimated kernel-based cross-correlation functions
(CCFs) in order to assess dependencies between time series
(see Supplementary data A for details about the estimation
of CCFs and the statistical testing). As the size of the data
set was limited, we reduced the number of statistical tests to
achieve more statistical power (Futschik and Posch, 2005;
Goeman and Solari, 2014): we restricted the statistical
testing to mutual relationships between abundances of
each taxa at different stations and to relationships between
abundances of taxa and concentrations of nutrients (nitrate
and phosphate) at each single station. More specifically, our
statistical tests addressed the following questions. (i) Do
abundances of a certain taxa at some station A tend to
precede abundances of the same taxa at another station B?
(ii) Do high concentrations of nutrients (nitrate or phos-
phate) at a station tend to co-occur with or to precede
abundances of a certain taxa at the same station?

To address question (i), we carried out statistical tests
for which we hypothesized that abundances at station A
(B) could precede abundances at station B (A) up to 3
months. Taking into account all combinations of sam-
pling stations (A, B), all studied algae taxa and both pos-
sible orders of temporal occurrence (A !B, B !A), 84
statistical tests were performed. To address question (ii),
we hypothesized that nutrients could occur instantan-
eously or precede abundances of algal taxa by up to 3
weeks. Taking into account the number of taxa, sampling
stations and nutrients, 56 statistical tests were carried out.

Carrying out multiple statistical tests (we considered 140
statistical tests in total) goes hand in hand with the problem
of multiple comparisons: briefly, the more hypotheses that
are tested, the larger the probability that at least one of
them will erroneously be found to be true (a false positive
finding, Goeman and Solari, 2014). To account for this
effect, we controlled the false discovery rate (FDR), which is
a widely used technique (FDR, Benjamini and Hochberg,
1995; Benjamini and Yekutieli, 2001). The FDR is the frac-
tion of the expected number of false positive findings
divided by the number of all positive findings. Throughout
this article, we used FDR ¼ 0.15, i.e. 15% of positive find-
ings can be expected to be false positives.

For each dependency, which was significant according
to our statistical tests, we identified the time lag associated
with the maximum value (peak) of the respective CCF.
To assess the significance of these peaks, we estimated the
probabilities (P-values) to obtain larger values than the
observed maximum values of the CCFs, given a suitable
null model (see Supplementary data A for details).

Our statistical analysis was complemented with CCFs,
which we determined between water temperature at dif-
ferent stations, between concentrations of nutrients (nitrate
or phosphate) at different stations as well as between nutri-
ents and chlorophyll (the latter as a proxy for total algal
biomass) at each station.

Cross-correlation functions

In order to facilitate the interpretation of results of our
time series analysis given subsequently, Fig. 2 shows an
example time series of abundances of L. polyedrum

sampled at GP and SMP (Fig. 2a) and the associated
CCF (Fig. 2b). Major bloom events of this dinoflagellate
with large amplitudes in autumn 2009 and summer 2010
were clearly apparent. The corresponding CCF (Fig. 2b;
determined as detailed in the Method section and
Supplementary data A) revealed the dependence of cor-
relation (y-axis) between the two time series data sets,
with a temporal shift (x-axis) between the two data sets.
In this example, if the time series is not temporally shifted
from one another (lag 0), the correlation between time
series, and thus the value of the CCF, is small [CCF(0) ¼
0.13]. However, if the SMP time series is shifted by
roughly 3 weeks to the right (positive lags), then major
bloom events in both time series are superimposed and
the correlation is large [CCF(24) ¼ 0.90 for a shift of 24
days; numbers next to peaks in the CCF in Fig. 2b
denote the associated time lag in days]. The analysis indi-
cates that similar events in the time series of L. polyedrum

sampled at SMP occurred �3 weeks earlier than those in
the time series sampled at GP. Another example (Fig. 2c
and d) is shown for the time series of Prorocentrum spp.
sampled at SMP and NP. When the NP time series was
shifted to the left (negative lags) by roughly 50 days, the
correlation was large [CCF(252) ¼ 0.65 at a lag of 252
days], indicating that bloom events in the time series of
Prorocentrum spp. at SMP occurred �52 days earlier than
those in the time series at NP. In summary, peaks asso-
ciated with negative lags indicate that events in the first
time series preceded the ones of the second time series,
whereas peaks associated with positive lags indicate that
events in the second time series preceded the ones of the
first time series (“first” and “second” refer to the ordering
in the legends of Fig. 2a and c).

Lagrangian particle simulation

In order to gain more insights into potential travel times
of water parcels within the bight, we conducted simula-
tion studies. Simulated velocity fields of the ocean surface
were obtained from the model output of a Regional
Ocean Modeling System provided by the Central and
Northern California Ocean Observing System. The
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model is operated by UCLA and Remote Sensing
Solutions, and its domain extends geographically from
north of the California–Oregon border to south of
the Mexican border (details about the model and the
simulation are provided in Supplementary Data B). One
thousand Lagrangian particles were released at random
positions within a circle of 10 km radius in front of SMP
every 12 h from 1 April 2013 till 1 April 2015. The posi-
tions of the Lagrangian particles were tracked for 100 days
or until they left the simulated region. We defined target
regions to be circles of 10 km radius in front of GP and NP.
As soon as a particle released at SMP entered a target region
for the first time, we recorded its travel time. Furthermore,
Lagrangian particles released at SMP were grouped accord-
ing to the season (spring, summer, autumn and winter).

R E S U LT S

Environmental conditions

The range of water temperatures observed throughout the
study period was similar across the different stations (10–
248C). Maximum chlorophyll concentrations were approxi-
mately twice as high at SMP and NP (37–42 mg/m3) than
at SW and GP (17–19 mg/m3), whereas domoic acid con-
centrations were highest at SW (9 ng/mL) and lowest at
SMP (1.5 ng/mL, Table I).

Maximum phosphate concentrations were similar across
the four different stations (1.8–2.4 mmol/L), whereas
maximum nitrate concentrations differed substantially and
were almost twice as high at GP and SW (21.6 and

23.9 mmol/L, respectively) than at SMP and NP (12.5 and
13.2 mmol/L, respectively, Table I; Supplementary data,
Fig. S2).

Seasonal and annual ranges of HAB taxa

Abundances of target HAB species were highly variable at
all sampling locations over the entire study period
(Supplementary data, Fig. S1). Approximate ranges of
maximum abundances at different piers were as follows:
A. sanguinea: 2–8 � 104 cells/L, Alexandrium spp.: 5 � 103–
3 � 105 cells/L, L. polyedrum: 7 � 104–9 � 105 cells/L,
P. delicatissima: 5 � 105–6 � 106 cells/L, Dinophysis spp.: 3 �
103–2� 104 cells/L, Prorocentrum spp.: 2–9 � 105 cells/L
and P. seriata: 2–3� 105 cells/L (Supplementary data,
Fig. S1). For the first four taxa mentioned earlier, maximum
cell abundances over the entire study period were ob-
served at NP, whereas maximum cell abundances of
Dinophysis spp. and Prorocentrum spp. were observed at SW.
Abundances of P. seriata did not differ dramatically
among stations (Supplementary data, Fig. S1).

In general, diatoms of the genus Pseudo-nitzschia were
more prominent in spring and summer, with particularly
high peaks of P. seriata in 2011 at all pier locations and
in 2012 at SW and NP. P. delicatissima showed a particularly
high peak in abundances in summer 2011 at NP and
smaller peaks at different times and stations (Supplementary
data, Fig. S1). Dinoflagellates were more prominent in
summer and autumn. Blooms of different taxa were
common at all piers in summer and autumn of each year
(mainly Lingulodinium and Prorocentrum), with particularly high

Fig. 2. Example time series of L. polyedrum at GP and SMP (a) and their CCF (b). Time series of Prorocentrum spp. at SMP and NP are shown in
(c) as well as their corresponding CCF (d). Numbers next to peaks in (b) and (d) denote associated time lags (in days).
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abundances at NP (Supplementary data, Fig. S1, except for
Prorocentrum, see SW).

Spatiotemporal patterns of phytoplankton
abundance

Significant dependencies of algal abundance among pier
locations were detected for all algal taxa analyzed, except
for A. sanguinea (Fig. 3). Different patterns of occurrence
were observed for different algal taxa. For instance,
L. polyedrum appeared earlier at SMP than at SW and GP
(Fig. 3c, cf. Fig. 2a), with a time lag of roughly 31 and 24
days, respectively. A similar S-to-N pattern was observed
for P. seriata between SMP and GP with time lags of �17
and 80 days and between SMP and SW with a lag of
�80 days (Fig. 3f ). An S-to-N pattern from NP to SMP
was also observed for Dinophysis spp., with a time lag of

11 days (Fig. 3b). However, N-to-S relationships were
observed for P. seriata, originating from SMP and subse-
quently showing peaks at NP with time lags of 31 and 80
days (Fig. 3f, cf. Fig. 4a). N-to-S patterns of appearance
with similar time lags were also observed for P. delicatissima

(Fig. 3e, cf. Fig. 4b), for Alexandrium spp. (31 and 73 days,
Fig. 3a, cf. Fig. 4c) and for Prorocentrum spp. with a time
lag of 52 days (Fig. 3d, cf. Fig. 2c).

Furthermore, significant relationships between the pier
locations SW and GP occurred for Alexandrium spp. and
P. seriata (Fig. 3a and f, respectively); however, these two
pier locations are in close proximity (20 km) and therefore
strong correlations in the appearance and abundances of
algal taxa might be anticipated for these two sites. We did
not observe any significant pattern indicating that an algal
taxon occurred first at GP or SW and subsequently at any
other station to the south.

Fig. 3. Significant cross-correlations (arrows) between abundances of algal taxa at different stations (points): (a) Alexandrium spp., (b) Dinophysis spp.,
(c) L. polyedrum, (d) Prorocentrum spp., (e) P. delicatissima, (f ) P. seriata. An arrow originating from one station and pointing to another station indicates
that certain taxa occurred earlier at the former and later at the latter station. Numbers next to the arrows denote time lags (in days) associated with
major peaks in the corresponding CCFs; numbers in parentheses are their associated P-values. Time lags of maximum values of the CCFs are
underlined. Circles and rectangles denote significant cross-correlations between abundances of different taxa and nitrate [circles, nitrate precedes
algal abundances by (a) 14 days and (f ) 15 days) and phosphate [rectangle (f ), phosphate precedes algal abundances by 18 days]. Positions of points
(stations) in all panels do not correspond to geographical locations (cf. Fig. 1), but are arranged to enhance readability.
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Environmental factors and phytoplankton
taxa

Water temperature between the different stations was max-
imally correlated with zero time lag (Fig. 5a), indicating
that seasonal temperature changes occurred simultaneous-
ly at all sampling stations (i.e. within the constraints of the
frequency of sampling). CCFs further indicated that
nitrate peaks occurred simultaneously at the different sta-
tions (Fig. 5b) and that increases in nitrate and phosphate
concentrations occurred at the same time (Fig. 5c).

Investigating possible dependencies between dissolved
nutrient concentrations (nitrate and phosphate) and algal
taxa occurring locally at each station revealed that peaks
of nitrate and phosphate occurred before peaks in
P. seriata abundance at GP [Fig. 3f, time lags of 15 days for
nitrate (see also Fig. 5e) and 18 days for phosphate],
whereas high nitrate concentrations also preceded peaks
in Alexandrium spp. abundance at NP (Figs 3a and 5d,
time lag of 14 days). CCFs also revealed that nitrate pre-
ceded chlorophyll a by 7 days at NP (Fig. 5g); however,
such a pattern could not be found for other stations (see,
for instance, Fig. 5h).

Estimated travel times and trajectories
for Lagrangian particles

In the simulation studies conducted, 7.5 and 7.3% of all par-
ticles released at SMP reached GP and NP, respectively.
Histograms of particle travel times indicated that these travel
times depend on the season (Fig. 6a and b). We observed
variability in travel times within a season, ranging from a few
days to several weeks.

The histogram of travel times between SMP and GP
exhibited a bimodal structure for spring, displaying two
broad peaks at �30 and 60 days. The first peak was in ap-
proximate agreement with spatiotemporal patterns of
occurrences of L. polyedrum (Fig. 3c; travel times of 24 days
from SMP to GP and 31 days to the nearby station SW) as

estimated by the cross-correlation analysis. For P. seriata, on
the contrary, we observed a double-peak structure in the
CCFs, indicating the presence of two dominant time lags
of 17 and 80 days (Fig. 3f). This mirrored the bimodal
pattern present in the distribution of travel times in the
histogram during spring (Fig. 6a). We note that the broad
distributions of travel times present during summer and
autumn would also explain the observation of lags as esti-
mated by our cross-correlation analysis. Example trajector-
ies of particles being advected from SMP to GP in our
simulation study indicated that Lagrangian particles that
reach GP after �30 days are typically advected along the
coast northwards, whereas particles with much longer
travel times tend to be entrained by eddies and traverse a
larger region of the bight (Fig. 6c).

The histogram of travel times estimated for particles
advected from SMP to NP indicated that particles
typically needed 10–25 days to travel from SMP to NP
during spring, summer and autumn (Fig. 6b). For spring,
we observed an additional broad peak around 70 days.
Such a double-peak structure was also reflected in dom-
inant lags, as observed in our cross-correlation analysis
for Alexandrium (Fig. 3a), P. delicatissima (Fig. 3e) and
P. seriata (Fig. 3f ). The particles corresponding to short
travel times tended to remain near SMP for some time
and were then advected directly along the coast to NP
(Fig. 6d). In contrast, particles with longer travel times
tended to be entrained in large-scale eddies in the
Southern California Bight before they reached NP
(Fig. 6d), in a similar way as was observed for the S-to-N
movement from SMP to GP.

Seasonal variations were apparent when histograms of
travel times from SMP to GP (S-to-N, Fig. 6a) and from
SMP to NP (N-to-S, Fig. 6b) were compared. During
spring, travel times of particles traveling to the north
tended to be longer (Fig. 6a) than those traveling to the
south (Fig. 6b). In contrast, during winter, travel times of
particles traveling to the north (Fig. 6a) were shorter than
those traveling to the south (Fig. 6b).

(a) (b) (c)

Fig. 4. CCFof (a) P. seriata size class, (b) P. delicatissima size class and (c) Alexandrium spp. between SMP and NP.
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D I S C U S S I O N

Our predictive understanding of the timing, location and
species composition of phytoplankton blooms is limited
because of the complex interactions among the many
chemical and biological forcing factors that control these
processes and populations. Local conditions (e.g. water

temperature, nutrient availability, grazers, etc.) must cer-
tainly play a role in the success or failure of algal popula-
tions, but these interactions are further complicated by the
potential for advection of populations or whole communi-
ties past a fixed sampling point (a Eulerian sampling ap-
proach). The CCFs employed in this study to investigate

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5. CCF among various environmental factors and algal abundances at different stations. Numbers next to selected peaks are the
corresponding time lags in days.
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spatiotemporal dynamics of different phytoplankton species
and potential interdependencies of these species with envir-
onmental factors revealed a number of different correlations
among the HAB-forming species within the Southern
California Bight that helped to identify a number of these
complexities.

A variety of factors undoubtedly contributed to the
observed patterns and corresponding time lags of bloom dy-
namics. For instance, spatial patterns of occurrences could
be due to similar hydrographic conditions arising in a tem-
poral sequence at different locales. An S-to-N pattern might
be expected from a yearly up-coast progression of spring. If
such seasonality were the reason for the observed temporal
sequences of blooms, one would expect seasonality-related

environmental factors to also show similar temporal lags
between stations as observed for the algal species. As a proxy
for latitudinally related seasonality, we analyzed water tem-
perature at the four stations using CCFs. However, tempera-
tures between all pairs of stations were correlated with zero
lag (Fig. 5a), indicating that the spatial distances and tem-
poral resolution of 1 week were too small to clearly identify
any south (S) to north (N) seasonal increase in temperature
that might explain the S-to-N propagation of some algal
taxa observed in our data. These findings may reflect the
fact that the Southern California Bight is not large latitudin-
ally (�700 km) and thus subject to relatively uniform sea-
sonality. It may also reflect that the region is located at the
border of temperate/subtropical latitudes, where annual

Fig. 6. Histograms of travel times estimated for Lagrangian particles released at SMP and reaching GP (a) and NP (b), respectively. Particles and
their travel times are distinguished according to the season during which they were released at SMP. Example trajectories of particles released
during spring and reaching GP (c) and NP (d). Visualized trajectories belong to travel times of 25–35 days, 45–55 days and 75–85 days. Release
and target sites are shown as circles.
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temperature fluctuations are modest (typically ,58C) and
therefore of little direct importance for phytoplankton popu-
lation growth, relative to communities at higher latitude.
This aspect is supported by a study of Kim et al. (2009), who
did not find any correlation between monthly averaged near-
shore chlorophyll a and temperature, wind or climate indices
when analyzing a 20-year record of chlorophyll a from the
Scripps Pier, La Jolla, California. Therefore, some of the
factors that control phytoplankton blooms in temperate
regions (such as temperature) may not play dominant roles
in this system.

Episodic coastal upwelling events are an alternative ex-
planation for the observed spatial patterns and time lags
in the appearance of HAB species. Upwelling events
have been identified as factors correlating toxic blooms
of Pseudo-nitzschia and other algal blooms in California
coastal waters (Trainer et al., 2000; Kudela et al., 2005;
Anderson et al., 2006; Lane et al., 2010; Omand et al.,
2012; Schnetzer et al., 2013). The upward vertical flux of
nitrate into the euphotic zone resulting from upwelling is
widely believed to be a critical control of phytoplankton
growth in this context (Eppley et al., 1979; Omand et al.,
2012) and may act to seed surface communities of phyto-
plankton with cells from subsurface depths in the eupho-
tic zone (Seegers et al., 2015). In our study, nitrate peaks
appeared simultaneously at different stations (Fig. 5b and
Supplementary data, Fig. S2), indicating that upwelling
events were bight-wide phenomena [an observation also
reported in previous studies, see Anderson et al. (2008)
and Nezlin et al. (2012)], in which case they could not
explain the time lags observed for the sequential occur-
rences of algal taxa along the coast. Moreover, bight-wide
upwelling events would contribute to zero lag correla-
tions of temperature between stations, which is consistent
with our observations (Fig. 5a). For some taxa and sta-
tions, peaks in nitrate preceded peaks in algal abundance,
such as Alexandrium spp. at NP and P. seriata at GP (Fig. 5d
and e). In these cases, upwelling might indeed have been
a reason for the local occurrence of these algae. A nitrate
peak preceding a chlorophyll a peak (proxy for total algal
biomass) by 7 days at NP (Fig. 5g) was a further indication
for such a local phenomenon. Similarly, Omand et al.
(2012) found that a nitrate flux event preceded each of
three distinct bloom events between mid-June and
mid-October in 2006 at Huntington Beach, CA, one of
which was a L. polyedrum bloom, and suggested that the
blooms were a response to these fluxes. Likewise, Nezlin
et al. (2012) investigated 38 upwelling events and reported
increased chlorophyll concentrations after 5–8 days at
several locations within the SCB and up to 15 days along
the Central Coast.

Significant dependencies of algal abundances among pier
locations indicated significant spatiotemporal relationships

for five out of the six algal taxa studied. Interestingly, the
N-to-S and S-to-N sequential appearance of taxa was ap-
proximately equal. Almost all of them occurred first at
SMP and, after a certain time lag, either north (SW and
GP; L. polyedrum and P. seriata) or south (NP; Alexandrium,
Prorocentrum, both Pseudo-nitzschia size classes) of SMP. The
only exception was Dinophysis, for which an S-to-N
pattern was observed from NP to SMP.

We compared our results with those obtained from a
simulation study of ocean currents (Mitarai et al., 2009) in
order to shed more light on the spatiotemporal dynamics
of the occurrences of algal taxa; that is, the time lags of
their peaks in abundances at different stations deter-
mined from our analysis. The study of Mitarai et al.

(2009) investigated the probability that parcels of water
are transported from one location to another location via
currents in the Southern California Bight over a specified
time interval. Probabilities were obtained by releasing
Lagrangian particles at different locales and times in the
model and tracking their location due to passive transport
by simulated ocean currents. Although the time span
(years 1996–2002) of this simulation does not match our
observation period, we reasoned that the study, neverthe-
less, might provide clues about the average transport
patterns of algal assemblages observed in the Southern
California Bight due to ocean currents.

On the basis of the results of the simulation study, we
inferred that SW and GP were not good sources but a
good destination for water parcels from other parts of the
coast [cf. Figs 8a and 9a in Mitarai et al. (2009)]. The
results of our CCF analysis agree with observational and
simulation current data because dependencies pointed
from SMP to GP and SW in the north, but not vice versa
(cf. Fig. 3). Furthermore, the simulation study identified
the coastal area of SMP and NP as good sources as well
as good destinations of water parcels. This also agrees
with our CCF findings, which indicated that SMP was a
particularly good source for algae (cf. Fig. 3, most arrows
originated there), which first increased in abundance at
SMP and then subsequently in the north (GP and SW) or
south (NP, mentioned earlier). NP was thus more a des-
tination point in our study, with the exception of
Dinophysis, which first occurred at NP and later at SMP.

The simulation study of Mitarai et al. (2009) also esti-
mated average transport times of water parcels released
in the southern part of the bight at Oceanside (�75 km
south of NP) to other locations northward along the coast
(cf. Fig. 16c in Mitarai et al., 2009). If we assume that
transport by currents occurred near the coast from
S-to-N, we can deduce from this figure an estimated
average transport time of �10 days from NP to SMP and
of 20–30 days from SMP to SW and GP. These values
are generally in agreement with the identified time lags
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for Dinophysis spp. from NP to SMP (11 days), for L. polye-

drum from SMP to SW and GP (�24 and 31 days) and
for P. seriata (from SMP to GP, 17 days). We note that, for
the majority of taxa, our study indicated transport from
SMP to NP (Fig. 3, discussed subsequently); therefore, it
is likely that an N-to-S movement observed from SMP to
NP was a consequence of transport, whereas other
factors such as local environmental conditions that we
did not assess in our study might have contributed to
the patterns observed for Dinophysis. For L. polyedrum,
observed cell abundances were generally higher at SMP
first than later at GP (cf. Fig. 2a). This temporal pattern
of abundances at the two sites may be a consequence of
populations that are distributed by ocean currents. The
filamentous nature of coastal eddies may have trans-
ported patches of algae with them, diluting the abun-
dances of blooms as they are transported from one locale
to another. Such thinning could have happened in our
case during a hypothetical transport to the north. A
similar phenomenon of decreasing abundances due to
transport has been described in the Benguela upwelling
region (Hernandez-Carrasco et al., 2014). In contrast,
seasonal forcing was reported to be the reason for an
S-to-N pattern of occurrence of A. fundyense in the Gulf of
Maine, a temporal pattern in the opposite direction of
the coastal current (McGillicuddy et al., 2005). Even
though some of our results match the current patterns
simulated by Mitarai et al. (2009), travel times between
our four stations were only estimated visually from their
results, and their findings were obtained by analyzing a
time period (1996–2002) that was different from the
sampling period we analyzed. That study also used a dif-
ferent release site (Oceanside south of NP). Hence, in
order to more accurately predict algal transport by cur-
rents in our study area, we conducted simulation studies
releasing and tracking Lagrangian particles at SMP (see
Method and Supplementary Data B). These simulations
of the advection of particles by prevailing ocean currents
in the bight supported our findings.

In spring, travel times between SMP and GP of �30
and 60 days were observed in our simulations (cf.
Fig. 6a). The first peak corresponds to spatiotemporal
patterns of occurrences of L. polyedrum as estimated by the
cross-correlation analysis, whereas the double-peak struc-
ture mirrors the observed time lags of 17 and 80 days in
the CFF for P. seriata.

Similarly, a double-peak structure in travel times was
observed from SMP to NP during spring in our simula-
tions (10–30 and 70 days, cf. Fig. 6b), reflected in domin-
ant lags observed in our cross-correlation analysis for
Alexandrium, P. delicatissima and P. seriata.

In general, meso- and submesoscale hydrodynamic
structures such as eddies have been shown to be essential

determinants of biological growth (Martin et al., 2002;
D’Ovidio et al., 2010; Levy et al., 2012), but such analyses
are to the best of our knowledge still lacking for the
California Bight. A major bloom event of P. delicatissima

and P. seriata occurred at SMP on 14 March 2011 and just
1 week earlier a bloom of Alexandrium spp. These three taxa
occurred at NP 31 and 73–80 days later. Such a pattern is
consistent with two different routes plankton patches can
take starting from SMP and reaching NP. According to
studies by Dong et al. (2009, cf. upper left panels in Figs 6
and 14 therein), there is a direct route to NP which could
correspond to the short travel time, but also a longer route
involving two vortices of ca. 50 km diameter each which
could be related to the long travel time. Plankton that
are entrained by mesoscale vortices have significantly
enhanced travel times (Sandulescu et al., 2007; Bastine and
Feudel, 2010; D’Ovidio et al., 2013). If some fraction of an
algal population were enclosed by a vortex and the other
fraction not, the fraction outside of the vortex would arrive
faster at the destination compared with the enclosed frac-
tion, which would be transported with the slower mean
velocity of the vortex. Our simulation study supports that
idea; trajectories of particles being advected from SMP to
NP indicate that particles corresponding to short travel
times tend to stay around SMP for a while before being
directly advected along the coast to NP, whereas particles
with longer travel times tend to be entrained in large-scale
eddies before they reach NP. Similarly, Lagrangian parti-
cles which reach GP after �30 days are typically advected
along the coast northwards, and particles with much
longer travel times are likely to be entrained by eddies and
traverse a larger region of the bight.

However, seasonal variations of these patterns become
apparent when comparing travel times from SMP to GP
(S-to-N) and from SMP to NP (N-to-S). During spring,
travel times of particles traveling to the north tend to be
longer than those traveling to the south and vice versa in
winter (cf. Fig. 6a and b). This agrees with what is known
about the seasonal variations of gross circulation patterns
within the bight [see Bray et al (1999) as well as references
therein; Hickey, 1992]. During winter, the California
counter current (Davidson current) is the dominant surface
current at the coast, transporting warm waters from south
to north and through the Santa Barbara channel as well as
south of the Channel Islands. We observed the histogram
of travel times during winter to show longer travel times for
particles advected southwards and thus to the opposite dir-
ection of the Davidson current than for particles advected
northwards and thus along the Davidson current. This
picture changes during spring where the Davidson current
weakens at the surface [while still being present as
California Undercurrent at �100–300 m below the
surface (Hickey, 1992)]. At the same time, the California
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current, which transports cold waters offshore from north
to south, moves closer to the shore, effectively reversing the
direction of the current at the coast which now predomin-
antly points to the south. Indeed, travel times of particles
released during spring and advected to the south show a
tendency toward shorter travel times than those being
advected to the north (cf. Fig. 6a and b).

In addition to seasonal dynamics, hydrodynamic flow
patterns in the California Bight can be rather different
from year to year. Regions that serve as sources for tracers
in one year can become destinations for particles in
another year (Watson et al., 2010).

This study provides evidence that hydrodynamic trans-
port is an important factor for the spatiotemporal patterns
of occurrences of HAB. However, we are aware of a
number of limitations of this contribution. Although the
identified time lags between stations revealed by the cross-
correlation analyses are in approximate agreement with
mean travel times as reported in Mitarai et al. (2009) and
as estimated in our Lagrangian particle simulations, the
data sets underlying these results cover different and non-
overlapping time periods. Although these different data
sources support a coherent picture, this introduces some
uncertainty in our interpretation. In addition, the
Lagrangian particle simulation does not take into account
a possible diurnal vertical migration of phytoplankton,
such as demonstrated for many dinoflagellates (e.g. Blasco,
1978; Eppley et al., 1984), which could affect hydrodynam-
ic transport as cells may encounter different velocity fields
depending on their location in the vertical water column.
Indeed, vertical migration may affect transportation pat-
terns as exemplarily demonstrated for zooplankton trans-
port (Carr et al., 2008). Finally, the observed time lags
between the occurrences of taxa at different stations as
well as typical travel times of hydrodynamic transport (as
observed by the simulation study) within the Southern
California Bight spanned several days to weeks. Typical
time scales of algal population dynamics, which we did
not consider in this contribution, will act on much shorter
time scales. To gain a predictive understanding of the
spatiotemporal patterns of occurrences of HABs, deeper
insights into the complex interplay between hydrodynam-
ics and population dynamics are necessary, for instance,
by coupling monitoring data, simulation studies and bio-
geochemical models. This promising approach has been
used to investigate and to predict occurrence patterns of
different algal species in various study regions (see review
by Anderson et al., 2015).

CO N C LU S I O N

Overall, our time-series analysis emphasizes that spatio-
temporal dynamics of HABs are determined by a variety

of different factors, including hydrography and coastal up-
welling events. Variations in local hydrological factors such
as temperature or nutrient regime were not sufficient to
allow prediction of the kind of algal bloom that would
develop or its timing. Instead, complex physics in the
Southern California Bight relating to ocean currents
appeared to be important in determining the propagation
of HABs, especially the regional transport of “seed popula-
tions” via ocean currents. Our results are promising and
could motivate future work in which, for instance,
Lagrangian particles are released exactly at those times
and places where high abundances of algal cells are
indeed observed (e.g. by the SCCOOS program), which
could also provide a deeper understanding of spatial and
seasonal variability of the occurrence of HAB. Combining
monitoring data with hydrodynamic and biogeochemical
models will be useful to enhance our predictive under-
standing of occurrence patterns of HABs.

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org.
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