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a b s t r a c t

A 3-week diversion of the Orange County Sanitation District effluent discharge into nearshore waters off
Newport Beach, CA constituted a considerable injection of secondarily-treated effluent into the coastal
ecosystem. The location z1.6 km from shore, shallow water depth (z16 m), volume and nutrient
content of the discharge (z5.3 � 108 L day�1 of effluent with inorganic nitrogen concentration >2 mM)
during the diversion raised concerns regarding the potential for stimulating phytoplankton blooms and,
in particular, blooms of toxic species. Remarkably, phytoplankton standing stocks during the event and
shortly thereafter did not reach values associated even with minor blooms historically observed in the
region (generally <5 mg l�1), although shifts in community composition were observed. Diatom abun-
dances increased early during the diversion, dinoflagellates, phototrophic picoplanktonic eukaryotes and
other algae increased mid-diversion, and cyanobacteria (Synechococcus, Prochlorococcus) increased near
the end of the diversion. Concentrations of domoic acid (a phycotoxin commonly present in the area)
remained near or below detection throughout the diversion, and abundances of potentially-harmful algal
species were unresponsive. Bacterial biomass increased during the diversion, and equaled or exceeded
total phytoplankton biomass in most samples. Abundances of microbial grazers were also elevated
during the diversion. We speculate that nutrient uptake by the bacterial biomass, acting in concert with
or a response to a negative effect of disinfection byproducts associated with chlorination on phyto-
plankton physiology, played a significant role in muting the response of the phytoplankton to nutrients
released in the effluent.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal ecosystemsalong theeasternboundaries of oceanic gyres
are highly dynamic environments that support robust biological
ience and Technology, 4700
communities and important fisheries. The hydrography that drives
the major biological processes of these regions has been well-
characterized on a global scale (Carr, 2001; Chavez and Messi�e,
2009), and many regional studies have provided details pertinent
to the coastlines of specific geographical areas. The Southern Cali-
fornia Bight (SCB) extends for approximately 700 kmalong a portion
of thewest coast ofNorthAmerica fromPointConception, California,
USA to Cabo Colnett, Mexico. Numerous studies spanning several
decades have investigated the oceanographic features controlling
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primary production and food web structure of this coastal
ecosystem (Cullen and Eppley,1981; Hickey,1992; Jones et al., 2002;
CheckleyandBarth, 2009; Kimet al., 2009;Nezlin et al., 2012). These
studies have affirmed that upwelling events are important regional,
seasonal events resulting in the injection of major nutrients (nitro-
gen, phosphorus) into surface waters that in turn support predom-
inantly spring blooms of phytoplankton.

Studies in recent years, however, have also begun to demon-
strate the increasing importance of other processes as important
contributors of nutrients and promoters of algal blooms in near-
shorewaters of the SCB. Specifically, Howard et al. (2014) presented
evidence that surface coastal waters bordering highly urbanized
regions of the SCB, such as the greater Los Angeles area, receive
inputs of anthropogenic nutrients, in particular nutrients dis-
charged from Publicly Owned Treatment Works (POTWs), that are
roughly equivalent to the load of nutrients injected by upwelling
events annually. This assessment is supported by the study of
Nezlin et al. (2012) who noted increasing numbers of phyto-
plankton blooms in the region during the period 1997e2007, and a
spatial correlation between the location of phytoplankton ‘hot
spots’ in the SCB and POTW discharge points. In highly urbanized
subregions of the SCB, it has been estimated that more than 90% of
terrestrial nutrient flux is wastewater effluent from local POTWs,
most of which is discharged directly into coastal waters via a
relatively small number of outfall pipes (Lyon et al., 2006; Sengupta
et al., 2013).

The relative magnitude and nature of the effect of nutrients
discharged by POTWs on nearshore plankton communities is
largely uncharacterized but could be expected to affect phyto-
plankton production, standing stock, community composition and
related parameters (e.g. water turbidity, sedimentation, nutrient
cycling, food web dynamics and dissolved oxygen) if the effluent
were introduced into lighted waters where phytoplankton could
utilize them for growth. The designs of the discharge systems of
these facilities have therefore attempted to minimize these effects
through improved wastewater treatment (Stein and Cadien, 2009),
and by locating effluent discharge points offshore, and at depths
that might lessen the input of growth-stimulating nutrients to
phytoplankton in the overlying waters. This has proven to be an
effective strategy for routine operations of POTWs in the SCB, but
the interruption of normal operating procedures for these facilities
leaves them with little alternative other than discharging effluent
close to shore in shallow water (Howard et al., 2017).

The preferential stimulation of harmful algal blooms (HABs)
presents a particular concern for the discharge of large volumes of
nutrient-rich effluent into shallow coastal ecosystems, as anthro-
pogenic nutrients have been shown to be a factor in the increased
frequency of these events (Anderson et al., 2002; Heisler et al.,
2008). Shifts in the concentrations and forms of growth-limiting
nutrients could affect the standing stock of phytoplankton, as
well as the species composition of the phytoplankton community
due to nutrient preferences among algal taxa (Litchman et al.,
2006). Nitrogen is generally considered the element limiting
phytoplankton growth in many coastal waters dominated by up-
welling (Capone and Hutchins, 2013), and while nitrate is the
dominant form of nitrogen made available via upwelling, ammo-
nium is overwhelmingly the dominant form of nitrogen in
secondarily-treated effluent typical of POTWs in the SCB. Differ-
ences among algae in their preferences for these nitrogen forms
could dramatically alter competition between algal taxa in the
receiving waters, particularly with respect to harmful bloom-
forming species (Dortch and Conway, 1984; Dortch, 1990; Kudela
and Cochlan, 2000a; Dugdale et al., 2007; Kudela et al., 2008;
Collos and Harrison, 2014).

The SCB has experienced an increase in the number, frequency
and severity of toxic algal blooms in recent years. Massive discol-
orations of coastal water resulting from blooms of the relatively
innocuous dinoflagellate, Lingulodinium polyedrum, have been re-
ported along the coastline for many years (Holmes et al., 1967;
Gregorio and Pieper, 2000; Kudela and Cochlan, 2000b), but toxic
blooms of diatom species within the genus Pseudo-nitzschia have
been documented throughout the last decade (Schnetzer et al.,
2007, 2013). Recent field studies have implicated a relationship
between blooms of Pseudo-nitzschia and upwelling events along
the continental shelf bordering the cities of San Pedro and Long
Beach (Schnetzer et al., 2013; Seubert et al., 2013), but it has
become clear that anthropogenic sources of nutrients may also play
a role in the frequency and/or severity of these events (Howard
et al., 2014). The San Pedro shelf is now recognized as a “hot
spot” for outbreaks of domoic acid, resulting in marine animal
mortality events attributed to that neurotoxin (Schnetzer et al.,
2007, 2013; Seubert et al., 2014). Other toxin-producing or
noxious phytoplankton genera also occur along the coast of the SCB,
and include raphidophyte and dinoflagellate species (Jessup et al.,
2009; Caron et al., 2010; Garneau et al., 2011; Howard et al.,
2012; Lewitus et al., 2012).

The Orange County Sanitation District (OCSD) conducted a
planned diversion (September 11 to October 3, 2012) of its effluent
discharge from its 8 km outfall pipe to a nearshore (1.6 km), shal-
lower discharge pipe in order to make necessary repairs to the
longer pipe (Howard et al., 2017). This event provided a unique
opportunity to investigate the response of a nearshore coastal
ecosystem in the SCB to a significant release of anthropogenic nu-
trients. An array of instrumentation-based measurements provided
contextual information while shipboard water sampling was con-
ducted prior to, during, and following the diversion to evaluate the
effect. The diversion resulted in the discharge of effluent containing
dissolved inorganic nitrogen and other constituents at approxi-
mately 1000-fold higher concentration (>2 mM) than typical
ambient concentrations in shallow water (<15 m water depth) in
the region (Howard et al., 2017). This effluent was also highly dis-
infected with sodium hypochlorite (higher than normal dosage)
due to the close proximity of release to the shoreline. The goal of
this study was to document the response of the phytoplankton to
nutrient loading on the San Pedro shelf in the vicinity of the cities of
Newport Beach and Huntington Beach. Surprisingly, the overall
increase in phytoplankton biomass during the 3-week diversion
was minor, although shifts in taxonomic composition did occur. We
speculate that the muted response of the phytoplankton may have
been a combined effect of short-term deleterious effects of disin-
fection byproducts in the effluent on phytoplankton growth and
physiology, combined with rapid uptake of nutrients by the bac-
terial assemblage.

2. Methods and materials

2.1. Study site and discharge pipe location

The study was conducted in waters along the San Pedro conti-
nental shelf primarily near the border between the cities of New-
port Beach and Huntington Beach (Fig. 1). An overview of the
location of the nearshore discharge pipe of the OCSD, as well as the
timing and magnitude of the diversion of effluent to that pipe
within the study site has been provided by Howard et al. (2017).
Instrumentation as described below was positioned near the
discharge site and provided measurements of physical, chemical
and biological parameters prior to, during and following the
diversion of effluent. These instruments included two ocean
moorings and an Environmental Sample Processor equipped with
multiple sensors and sample processing capabilities.



Fig. 1. Map of the study area, and overview of cruise tracks and station locations along the San Pedro shelf in the Southern California Bight, eastern North Pacific. Stations sampled
during the ‘plume-tracking’ cruises (circles), the ‘event’ cruises (black triangles) and ‘regional’cruise (shaded triangles in figure inset) are shown, as are the locations of the
instrumented buoys (shaded squares) and Environmental Sample Processor (black square). See Supplemental Fig. S1 for the specific subset of stations occupied during each plume-
tracking cruise. The specific stations occupied varied according to prevailing currents for each cruise day (red or yellow circles), but always included stations in the proximity of the
outfall (orange circles). Station locations for the three plume-tracking cruises covering a larger geographical area are shown as blue circles. The Orange County Sanitation District
8 km effluent pipe and 1.6 km pipe, used during the 2012 diversion, are indicated on the map as black lines.
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Three types of shipboard surveys (see below) were conducted to
characterize the response of the natural plankton community
within the study site and region to the effluent discharge. Water
from these survey cruises was also used for experimental incuba-
tion studies (conducted ashore) to examine the response of the
planktonic community to the addition of diluted effluent (Seubert
et al., 2017).
2.2. Ocean moorings

Two instrumented ocean buoys were moored approximately
2 km north (33�37.0720 N, 117�59.7330 W) and 2 km south
(33�36.0770 N, 117�57.4140 W) of the nearshore outfall location
(Fig. 1). Each buoy was equipped with a WETlabs Water Quality
Monitor (WQM; WET Labs, Philomath, OR) and the northern buoy
also carried a WETlabs Cycle Phosphate Sensor. Instruments were
deployed at approximately 1m depth. TheWQMswere equipped to
measure chlorophyll fluorescence, turbidity, dissolved oxygen,
temperature, and conductivity (salinity) at a sample rate of 3 h�1,
the Cycle Phosphate Sensor sampled at a rate of 1 h�1. All sensors
and equipment were inspected, cleaned and calibrated prior to
deployment per manufacturers' or organizational recommenda-
tions (see http://www.ocsd.com/).
2.3. Environmental Sample Processor

The Environmental Sample Processor (ESP) was employed to
provide persistent monitoring of HAB species and environmental
data (Scholin, 2013). Two ESP instruments were deployed
sequentially at the same location between August 30 and October
16, with a changeover on September 26. The mooring was located
in the vicinity of the outfall site (33�35.810 N, 117�56.770 W; Fig. 1),
and the ESP was located on the mooring at a depth of 6.0e7.5 m
(depending on tide). The ESPs were deployed with a Conductivity,
Temperature and Depth sensor (CTD) (Seabird SBE 16 þ CTD, Bel-
levue, WA, USA), fluorometer (Turner Cyclops-7, Turner Designs,
Sunnyvale, CA, USA) and transmissometer (WetLABS Cstar, WET
Labs, Philomath, OR, USA). Sensors were calibrated prior to
deployment according to manufacturers' specifications (WET Labs,
Philomath, OR), and sensor drift was established from post-
deployment recalibration. CTD data were recorded at 5 min in-
tervals. In addition to sensor measurements, the instrument was
equipped for whole-cell sandwich hybridization assays for the HAB
species Alexandrium catenatum, Heterosigma akashiwo, Pseudo-
nitzschia australis, Pseudo-nitzschia multiseries and Pseudo-nitzschia
multiseries/pseudodelicatissima (Greenfield et al., 2008; Ryan et al.,
2011, 2014). Sample acquisition and processing for the latter as-
says were conducted onboard episodically prior to, during and

http://www.ocsd.com/
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following the effluent diversion event.

2.4. Shipboard campaigns

2.4.1. Sensed and automated shipboard measurements
Three types of shipboard surveys were conducted in

conjunction with the diversion. ‘Plume-tracking cruises’ were
conducted aboard the M/V Nerissa (OCSD) on eight sampling
dates (September 10, 11, 12, 18, 19, 25 and October 2, 9). The focus
of these cruises was water quality and phytoplankton monitoring
across a large number of stations on the San Pedro shelf in the
immediate vicinity of the effluent discharge during the diversion
(see explanation and color coding in Fig. 1). The specific subset of
stations was adjusted for each cruise based on daily current
predictions from the Regional Ocean Modeling System and
drifter studies in order to best capture effluent-affected coastal
water (Farrara et al., Submitted). The specific stations sampled on
a given sampling day consisted of an up-coast subset of stations
in the event that prevailing currents were predicted to carry the
discharge plume in that direction, while sampling stations con-
sisted of a subset of down-coast stations if current predictions
indicated down-coast movement of the plume (see specific sta-
tions occupied on each cruise in Supplemental Fig. S1). A set of
stations in the proximity of the outfall was sampled on every
cruise in order to capture conditions there. Three of the last four
plume-tracking cruises were conducted using somewhat
different station locations than the other cruises in order to
characterize a slightly larger geographical area under the
assumption that effluent impact might be more dispersed by
these later dates (Fig. 1 and Supplemental Fig. S1E, G, H). A
hydrocast was conducted at each station during these cruises to
obtain vertical profiles of temperature, conductivity and chloro-
phyll fluorescence in the water column. The CTD was inspected
and calibrated prior to each sampling survey per manufacturers'
recommendations (see http://www.ocsd.com/), the fluorometer
was returned to the manufacturer for calibration. Contours of
sensed data were constructed using IGODS (IGODS, 2012). All
salinity units were measured using the Practical Salinity Scale.

Response of the plankton community along an onshore-offshore
transect line from the vicinity of the outfall seaward to the San
Pedro shelf break along and beyond the outfall pipe was examined
on five ‘event cruises’ (September 6, 12, 20, 26, October 17; see
station coding in Fig. 1) aboard the R/V Yellowfin (Southern Cali-
fornia Marine Institute) or the M/V Nerissa. Five stations were
conducted on each cruise. A hydrocast was conducted at each sta-
tion to obtain vertical profiles of temperature, conductivity and
chlorophyll fluorescence. Hydrocasts aboard the vessels were
conducted using a Sea-Bird SBE911plus CTD (SBE3plus temperature
sensor; SBE4C conductivity sensor; SBE 43 oxygen sensor; SBE32
water sampling carousel; Sea-Bird Electronics, Bellevue, WA). The
Nerissa was also equipped with a Wet Labs Wetstar fluorometer
(Wet Labs, Philomath, OR), while the Yellowfinwas equipped with a
Wet Labs ECO-FLNTU(RT)D fluorometer. The CTD on the Yellowfin
was newly acquired and calibrated by the manufacturer prior to
delivery.

One ‘regional cruise’ was conducted on October 10, 2012 to
examine the response of the plankton community over a larger
geographical area than routinely carried out for the plume-tracking
or event cruises (inset in Fig. 1). This cruise was conducted one
week after the conclusion of the diversion and extended along-
shore to the south of the effluent discharge point, in accordance
with current models that predicted a net down-coast water
movement from the study area. The cruise track then proceeded
seaward, and then north towards the city of Newport Beach.
Hydrocasts were conducted four times along each of the three legs
of the cruise to obtain vertical profiles of temperature, conductiv-
ity, dissolved oxygen and chlorophyll fluorescence.

2.4.2. Nutrients and plankton measurements from samples
collected shipboard

Water samples were collected at the surface (0e2 m) and at the
depth of the subsurface chlorophyll maximum (Subsurface Chlo-
rophyll Maximum, SCM, the latter detected using the vertical pro-
file of chlorophyll fluorescence from the sensor package on the
sampling rosette) at a subset of stations conducted as a part of the
plume-tracking, event and regional cruises. Samples used to obtain
counts of phytoplankton and microzooplankton >10 mm in size
were preserved with formalin, identified and counted using an
invertedmicroscope after settling in settling chambers according to
procedures described previously (Seubert et al., 2013), and sum-
med according to major taxon (limit of detection z 1 cell ml�1).
Samples for counts of phototrophic picoplanktonic eukaryotes
(eukaryotic algae < 10 mm), picoplanktonic cyanobacteria (Syn-
echococcus and Prochlorococcus) and heterotrophic bacteria
(bacteria þ archaea) were collected, preserved with formalin, and
stored frozen at �80 �C until analyzed by flow cytometry. Flow
cytometry was conducted using a FACSCalibur flow cytometer
(Becton Dickinson). Cyanobacteria and picoplanktonic eukaryotic
algae were detected using autofluorescence of photosynthetic
pigments and forward scatter, while bacterial abundances were
determined using routine staining procedures and detection pa-
rameters (del Giorgio et al., 1996). Samples collected for nutrient
analyses were obtained from 0.2 mm filtrate of the same water
samples used to obtain microbiological abundances, and processed
for concentrations of nitrateþ nitrite, ammonium and phosphate at
the Analytical Laboratory at the Marine Sciences Institute at Uni-
versity of California, Santa Barbara.

Samples for the determination of extracted chlorophyll con-
centration and particulate domoic acid concentration (pDA) were
collected from the same samples on the plume-tracking, event and
regional cruises. Sample volumes of 100 ml and 200 ml were
filtered onto GF/F Whatman filters, respectively. Samples for the
determination of chlorophyll a were extracted in 100% acetone for
24 h at �20 �C in the dark, and analyzed by fluorometry (Trilogy;
Turner Designs Inc, Sunnyvale, CA, USA) using standard methods
(Parsons et al., 1984). Domoic acid in particulate material collected
on filters was extracted in 3 ml of 10% methanol, sonicated for 30 s,
and centrifuged for 10 min at 4000 rpm. The supernatant was
analyzed using the Mercury Science Inc. DA Enzyme-Linked
ImmunoSorbent Assay (ELISA; Durham, NC) following the
methods described in Seubert et al. (2013). The limit of detection
for the assay was 0.02 mg l�1.

2.4.3. Estimating phytoplankton and bacterial biomass in discrete
samples

The carbon and nitrogen contents of the phytoplankton and
bacterial assemblages were calculated from extracted chlorophyll
values and cell abundances, respectively, in the discrete seawater
samples in order to facilitate comparison of the relative importance
of these biological compartments to each other or to the inorganic
nitrogen pool. Phytoplankton carbon biomass was estimated from
extracted chlorophyll values from each discrete sample assuming a
carbon:chlorophyll (C:Chl) ratio of 25. Literature values for the
C:Chl ratio vary by approximately one order of magnitude
(Riemann et al., 1989), and a value of 25 is typical for coastal
phytoplankton assemblages. The nitrogen content of the phyto-
plankton was then calculated using approximately Redfield Ratio
proportions for carbon:nitrogen (C:N ¼ 7, atom:atom). A C:N ratio
of 7 assumes phytoplankton in good physiological condition. Bac-
terial abundances were converted directly to carbon content

http://www.ocsd.com/
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assuming 20 fg C bacterium�1 which is typical of coastal bacterial
assemblages (Buitenhuis et al., 2012). Nitrogen content was esti-
mated using a C:N slightly lower than Redfield Ratio (C:N ¼ 5),
applicable for these nitrogen-rich cells (Fukuda et al., 1998).

3. Results

3.1. Contextual information for the study site provided by shipboard
instrument profiling and autonomous instrumentation

Extensive chemical and physical data were collected on the
three types of shipboard surveys conducted in the coastal region
near and away from the end of the 1.6 km pipe, and from the
moored instruments located up- and down-coast from the location
of the outfall (Fig. 1). A large number of vertical profiles of tem-
perature, salinity and chlorophyll fluorescence on eight dates
spanning from pre-to post-diversion (Supplemental Figs. S1eS5)
and continuous sensor recordings on the two buoys and the ESP
(Figs. 2 and 3AeC) revealed spatial and temporal heterogeneity in
those parameters, particularly at small scales.

Relatively warm surface waters for the region and season, and
overall low phytoplankton biomass values were observed fromdata
collected during the plume-tracking cruises (Supplemental
Figs. S1e3). Temperature stratification appeared weaker on some
sampling dates during the diversion (e.g. Sept 18 and 25;
Supplemental Fig. S2D, F) but no clear evidence of upwelling was
apparent prior to or during the diversion. Total phytoplankton
biomass as indicated by chlorophyll fluorescence from the sensors
on the CTD rosettes across all sampling stations and dates showed
Fig. 2. Water quality measurements and chlorophyll fluorescence observed on the instrume
from shore (see Fig. 1 for location relative to the 1.6 km outfall pipe). (A) temperature, (B) sal
oxygen and (F) turbidity. Both sets of data are presented on each panel, the southern buoy did
the effluent was diverted to the shallow outfall pipe.
minor excursions, but values rarely reached 5 mg chlorophyll l�1

throughout the entire region prior to, during and immediately
following the diversion (Supplemental Fig. S3). The highest chlo-
rophyll concentrations observed during the plume-tracking cruises
were located near the shelf break on October 2 (one day before the
diversion ended) but chlorophyll values had returned to low values
by October 9 (Supplemental Fig. S3G, H, respectively).

Five event cruises conducted along an onshore-offshore transect
line in the vicinity of the outfall prior to, during and following the
diversion also revealed no notable response of the phytoplankton
along the transect line which extended observations farther from
shore than the plume-tracking cruises, out beyond the San Pedro
shelf. Contour plots of sensed chlorophyll fluorescence during the
event cruises showed no clear relationship of the surface or sub-
surface distribution of phytoplankton biomass to the diversion
event (Supplemental Fig. S4; note scale is the same for
Supplemental Fig. S3). A persistent subsurface maximum of chlo-
rophyll (Subsurface Chlorophyll Maximum; SCM) is a common
feature of this region (Kim et al., 2013; Schnetzer et al., 2013). The
SCMwas present as a weak feature during this study, particularly at
the offshore stations (Supplemental Fig. S4A, E). This finding was
consistent with the general hydrography of the region in that water
stratification offshore is typically less affected by on-shelf processes
of wind and tidal mixing that lead to shoaling and mixing of the
SCM on the shelf.

A regional cruise was conducted on October 10 to investigate the
possibility that advection of the nutrient-rich plume, and subse-
quent utilization of those nutrients in the direction of the pre-
dominant southerly current (Farrara et al., Submitted) might have
nted buoys moored just north and south of the location of the OCSD outfall pipe 1.6 km
inity (practical salinity scale), (C) chlorophyll fluorescence, (D) phosphate, (E) dissolved
not carry a phosphate sensor. The black horizontal line shows the period of time when



Fig. 3. Temperature (A), salinity (B), chlorophyll fluorescence (C) and the results of harmful algae hybridization assays (D) conducted aboard the Environmental Sample Processor
(see Fig. 1 for location relative to the OCSD 1.6 km outfall pipe). Dates between the dotted vertical lines indicate the time when the effluent was diverted to the shallow outfall pipe.
Blank areas in A, B, C indicate failure of a sensor.
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stimulated phytoplankton growth away from the study site on or
off the San Pedro shelf (Supplemental Fig. S5). Chlorophyll fluo-
rescence was very low along the approximately 25 km cruise track
south, and also seaward off the shelf, only one week after the 3-
week diversion.

The moored buoys situated north and south of the outfall
location showed similar overall patterns in measured parameters,
although both buoys exhibited considerable short-term fluctua-
tions of relatively small amplitudes for all sensed parameters
(Fig. 2). These short-term fluctuations reflected a combination of
tidal modulation, diel variations and plume-influenced impacts on
these parameters. Temperature at the depth of the sensor (1 m)
fluctuatedwithin a 2 �C range prior to and during the diversion, and
then decreased steadily for three weeks following the diversion
(Fig. 2A). Salinity decreased slightly (average of approximately 0.10)
during the diversion at both buoys presumably indicating dilution
of effluent 1:100 to 1:1000 with the water column near the
discharge site (Fig. 2B). This degree of effluent dilution is consistent
with predicted, initial dilution at the point of discharge (note black
horizontal bar in Fig. 2B indicating timing of the diversion). The
phosphate sensor on the northern buoy exhibited several brief in-
creases to values >0.6 mM during the diversion (Fig. 2D), in agree-
ment with nutrient measurements made on discrete samples (data
not presented). Chlorophyll fluorescence rarely exceeded 3 mg l�1

throughout the study period at either mooring location (Fig. 2C),
and dissolved oxygen showed only a minor overall positive
response (Fig. 2E).

Temperature, salinity and chlorophyll fluorescence recorded on
the ESP (Fig. 3AeC) located in the vicinity of the outfall revealed
considerable small-scale temporal variability, consistent with the
buoy measurements and shipboard sensor measurements (Fig. 2,
Supplemental Figs. S2e3). Salinity values on the ESP decreased
0.1e0.20 during the diversion, implying initial dilution of the
effluent of 1:100 to 1:1000 in the water column near the discharge
site. The chlorophyll sensor failed on the first ESP and the instru-
ment was replaced near the end of the diversion. Chlorophyll
fluorescence on the ESP revealed a brief increase in phytoplankton
biomass near the end of the diversion, with one short-lived spike to
>15 mg chlorophyll l�1. This latter value was considerably greater
than any other chlorophyll fluorescence value observed during the
study and any of the chlorophyll values from extracted samples (see
below). It may have been a result of a very small patch of elevated
phytoplankton biomass or perhaps suspended macroalgal debris at
the depth of the sensor (6e7.5 m). Chlorophyll fluorescence mea-
surements immediately following the diversion were modest.

3.2. Nutrient and biological measurements on plume-affected,
discrete water samples

3.2.1. Selecting plume-affected water samples
A major goal of this study was to determine the impact of nu-

trients in the effluent plume on the biological community in the
coastal ocean near the discharge. Due to the wide geographic re-
gion covered by the three shipboard surveys, some water samples
collected during the surveys would not be expected to be sub-
stantively influenced by the effluent plume. Additionally, effluent
from the 8 km pipe prior to or early during the diversion may have
influenced some stations not immediately in the vicinity of the
1.6 km outfall. Therefore, we attempted to identify those samples
among the total sample set (175 discrete samples) that were at least
partially affected by effluent discharge by: (1) using salinity as a
conservative tracer of the freshwater (effluent) discharge; (2)
eliminating the deepest, coldest water samples in the dataset
because phytoplankton in those samples might not have
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experienced sufficient light or time to utilize effluent nutrients.
The initial dataset of 175 samples was plotted on temperature-

salinity (T-S) diagrams with samples identified by depth and ni-
trogen concentration of four constituents: ammonium, nitrogen
contained in phytoplankton biomass (phytoplankton-N), nitrogen
contained in bacterial biomass (bacterial-N) and the sum of those
three values (ammonium-N þ phytoplankton-N þ bacterial-N) in
each sample as described in the Methods and materials (Fig. 4).
Phytoplankton biomass and bacterial biomass were converted to
nitrogen in order to facilitate comparison between these biological
assemblages and to the major inorganic nutrient nitrogen in the
effluent (ammonium). Substantive ammonium concentrations
Fig. 4. Temperature-salinity diagrams with measured (ammonium) or calculated (phytop
plume-tracking, event and regional cruises. Total nitrogen (A; ammonium þ bacterial nitroge
nitrogen (D) were determined as described in the text. The size of each dot is proportional
were considered indicative of recent plume impact. Ammonium
was by far the dominant form of dissolved nitrogen in the effluent
(>2 mM), and therefore should be the major form of inorganic
nutrient in the diluted effluent unless biology had significantly
reduced the inorganic nitrogen pool.

The resulting T-S plots of all discrete samples processed for
these constituents revealed a small number of stations for which
salinities were greater than all other samples, and a larger number
of samples with temperatures <16 �C and/or depths >30 m (Fig. 4).
Samples meeting these criteria (salinity >33.500, temperature
<16 �C or depth>30m)were eliminated from further consideration
for reasons noted above.
lankton, bacteria) nitrogen constituents plotted from 175 discrete samples from the
n þ phytoplankton nitrogen), ammonium (B), bacterial nitrogen (C) and phytoplankton
to the concentration. All values in mM.



Table 1
Average concentrations of extracted chlorophyll a in plume-affected, discrete sam-
ples obtained from ship surveys, summarized relative to timing of the effluent
diversion (pre-diversion, 6e10 September 2012; during diversion, 11 September-2
October 2012; post-diversion, 3e17 October 2012). Samples were collected near
the Surface (0e2 m) and the depth of the Subsurface Chlorophyll Maximum (SCM).
‘Average’ is the average for all samples obtained during a particular period (pre-
diversion, during diversion, post-diversion). ‘Range’ is the range of chlorophyll
values observed during that period. All units are mg chlorophyll l�1. ‘*’ indicates a
single sample.

Depth Pre-diversion During diversion Post-diversion

Average Range Average Range Average Range

Surface 0.38 0.20e1.02 1.82 0.04e9.85 0.35 0.17e0.55
SCM 1.02 * 1.69 0.26e5.12 0.82 0.38e1.58
Overall 0.48 0.20e1.02 1.75 0.04e9.85 0.56 0.17e1.58
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The remaining 108 ‘plume-affected’ samples in the culled
dataset revealed negative (albeit weak) correlations between
ammonium-N, phytoplankton-N, bacterial-N, or total-N and
salinity, as would be expected if salinity is a good proxy for the
influence of effluent (Fig. 5). A few very high concentrations of
ammonium (>20 mM) were observed in samples collected in close
proximity to the surfacing discharge plume. The latter finding is
consistent with the expectation that it requires some amount of
time for nutrients in freshly-diluted effluent to enter the biological
community in the coastal ecosystem. Interestingly, extrapolation of
the regression of total-N versus salinity (Fig. 5A) to salinity ¼ 0 (i.e.
z pure effluent) yielded nitrogen concentrations z0.7 mM in the
undiluted effluent, in approximate agreement with inorganic ni-
trogen concentration measured in the effluent.

3.2.2. Phytoplankton biomass and community composition
The phytoplankton community during the diversion responded

with shifts in major phytoplankton taxonomic group abundances
but, overall, phytoplankton biomass did not achieve values indic-
ative of blooms in the region (Table 1; Fig. 6). Phytoplankton
biomass as indicated by chlorophyll concentration in the discrete
water samples increased several-fold by September 18 (Fig. 6A),
and the overall average for samples collected during the diversion
was nearly 4-fold higher than pre-diversion values (Table 1).
However, chlorophyll values were low at the time of the pre-
diversion sampling (average ¼ 0.48 mg l�1) and therefore in-
creases during the diversion only rarely and sporadically achieved
values comparable to minor blooms previously observed along the
coast in the region (Kim et al., 2009; Seubert et al., 2013).
Fig. 5. Scatter plots of nitrogen constituents versus salinity in 108 plume-affected sample
ammonium þ bacterial nitrogen þ phytoplankton nitrogen), ammonium (B), bacterial nitro
108 samples were obtained after culling based on temperature, depth and salinity as descri
respectively, were Y ¼ �19.97X þ 669, R ¼ 0.51; Y ¼ �9.02X þ 302, R ¼ 0.26; Y ¼ �5.56X
(values off scale).
Net population changes in major taxonomic groups of phyto-
plankton varied during the diversion. Diatom abundances exhibited
a gradual increase from the beginning of the bloom, were markedly
higher on September 20, followed by waning abundances through
mid- and post-diversion (Fig. 6B). Diatoms remained the dominant
phytoplankton >10 mm throughout the study. Pseudo-nitzschia
species were regularly observed in the HAB arrays of the ESP sit-
uated near the outfall, as well as other potentially-toxic species of
algae, but showed no clear trend related to the diversion (Fig. 3D).
Domoic acid was analyzed in 214 samples collected during the
cruises, but very low concentrations of domoic acid were observed
in particulate material from samples collected only on three dates,
with highest values observed on a single date in samples from the
s from the plume-tracking, event and regional cruise sample sets. Total nitrogen (A;
gen (C) and phytoplankton nitrogen (D) were determined as described in the text. The
bed in the text (equations and correlation coefficients (R) for the regressions for AeD,
þ 186, R ¼ 0.47; Y ¼ �5.39X þ 180, R ¼ 0.58). One outlier was omitted from each plot



Fig. 6. Box-and-whisker plots for extracted chlorophyll concentrations (mg l�1: A) and abundances of phytoplankton in 108 plume-affected samples from the plume-tracking, event
and regional cruise sample sets, organized by date of cruise. Phytoplankton taxa were grouped according to diatoms (B), dinoflagellates (C), ‘other’ microplanktonic phytoplankton
species (D), cyanobacteria (Synechococcus þ Prochlorococcus; E) and phototrophic picoeukaryotic algae (F). The darkly shaded area shows the period of time when the effluent was
diverted to the shallow outfall pipe. Outliers are shown as black dots. Box plots made in R (http://www.R-project.org), using the ggplot2 package (http://ggplot2.org/). A coefficient
of 3 was used as a multiple of the interquartile range (IQR) to determine the length of the whiskers.
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SCM (data not shown). These values (�0.05 mg l�1 in surfacewaters)
were two orders of magnitude lower than maximal values previ-
ously observed in the plankton of the region (Schnetzer et al., 2007;
Stauffer et al., 2012; Schnetzer et al., 2013).

Dinoflagellate abundances were higher only on a single, mid-
diversion sampling day (Fig. 6C). One potentially harmful dinofla-
gellate (Alexandrium catenatum) was observed only sporadically in
the HAB arrays of the ESP. Dinoflagellates of the genus Dinophysis
were observed in samples collected during the diversion as part of
the Southern California Coastal Ocean Observing System HAB
weekly sampling program (http://www.sccoos.org/data/habs/).
Samples analyzed by ELISA for okadaic acid, a toxin produced by
Dinophysis species and the cause of Diarrhetic Shellfish Poisoning in
humans, were positive during the diversion for the first time since
that weekly time series began in 2008 (Seubert et al., unpublished
data). ‘Other’ microplanktonic phytoplankton groups (Fig. 6D)
contributed only a minor component to total phytoplankton, and
changes in their abundances showed no detectable response to the
event, including one potentially-toxic raphidophyte, H. akashiwo
(Figs. 3D and 6D; note different scale in Fig. 6D relative to Fig. 6B, C).

Among the picoplanktonic phytoplankton, the cyanobacteria
(Synechococcus spp. and Prochlorococcus spp.) increased in abun-
dance throughout the diversion by nearly an order of magnitude,
and then decreased rapidly to pre-diversion values within one
week after the event (Fig. 6E). Picoplanktonic eukaryotic algae
showed less consistent changes in abundances across the sampling
stations during the diversion, but overall exhibited higher relative
abundances during the diversion compared to abundances pre- and
post-diversion (Fig. 6F).
3.2.3. Bacterial biomass, phytoplankton biomass and grazer
response

Bacteria exhibited a pattern of increasing cell abundances dur-
ing the diversion, with a particularly large community response
across all stations on September 25 (Fig. 7A). Overall, bacterial
abundances in surface waters during the diversion ranged from
approximately 2-fold to nearly an order of magnitude above pre-
diversion values. The average abundance of bacteria across the
sampling stations pre-diversion was 7.96 � 105 bacteria ml�1. The
overall average during the mid-diversion period (September 25)
across all sampling stations was 5.32 � 106 bacteria ml�1, an
average increase of 6.7-fold. Bacterial abundances were highly
variable across the geographic range of the study during the
diversion, with values at some stations >9 � 106 bacteria ml�1.
Abundances at all stations decreased to approximately pre-
diversion values (average ¼ 9.47 � 105 ml�1 within one week af-
ter the diversion (Fig. 7A).

A comparison of total bacterial biomass and phytoplankton
biomass (mg C l�1) revealed that these assemblages represented
roughly comparable, although spatially and temporally variable,
living biomass prior to and during the diversion (Fig. 7C, D).
Phytoplankton biomass averaged 12.1 ± 9.5 and 43.9 ± 43.0 mg C l�1

prior to and during the diversion, while bacterial biomass averaged
16.2 ± 7.7 and 50.8 ± 36.4 mg C l�1 for these periods, respectively.

Microplanktonic consumers >10 mm (ciliates and heterotro-
phic dinoflagellates) also increased during the diversion event,
although there was considerable variability among stations on
each day (Fig. 7B). Abundances were consistently <1 ml�1 prior
to the diversion, increased at several stations to >10 ml�1 during
the diversion, and then decreased to values <5 ml�1 post-
diversion.
3.2.4. Contribution of phytoplankton, bacteria and ammonium to
the nitrogen budget of plume-affected water

A 3-way comparison of the nitrogen contained in the phyto-
plankton, bacteria, or present as ammonium in the plume-affected
samples revealed a modest response of the phytoplankton, but a
considerable response by the bacterial assemblage to effluent

http://www.sccoos.org/data/habs/
http://www.R-project.org
http://ggplot2.org/


Fig. 7. Box-and-whisker plots of abundances of bacteria (bacteria þ archaea; A) and micrograzer >10 mm (B), and calculated values of carbon in the bacterial assemblage (C) and the
phytoplankton assemblage (D) in 108 plume-affected samples from the plume-tracking, event and regional cruise sample sets, organized by date of cruise. The darkly shaded area
shows the period of time when the effluent was diverted to the shallow outfall pipe. Outliers are shown as black dots. Box plots made in R (http://www.R-project.org), using the
ggplot2 package (http://ggplot2.org/). A coefficient of 3 was used as a multiple of the interquartile range (IQR) to determine the length of the whiskers.

D.A. Caron et al. / Estuarine, Coastal and Shelf Science 186 (2017) 223e236232
nitrogen (Fig. 8A). Samples collected during the pre-diversion
period had minor contributions of phytoplankton-N (z6%) or
bacterial-N (z12%) to total-N (shaded circles in Fig. 8A). Ammo-
nium constituted >80% of total-N in some of those samples,
indicating either a recent contribution of ammonium from the
8 km pipe at that time (i.e., too recently for utilization by the
biological community), or perhaps that phytoplankton and bac-
teria simply constituted a minor component of nitrogen in the
water column relative to the inorganic pool of nitrogen. Total-N
averaged 2.17 mM for the pre-diversion samples. Estimated aver-
ages for phytoplankton-N and bacterial-N for the pre-diversion
samples were 0.14 and 0.27 mM nitrogen, respectively (corre-
sponding to 0.48 mg chlorophyll l�1 and 8.13 � 105 bacteria ml�1;
see Methods and materials).

Samples collected during and following the diversion had
substantial contributions of bacterial-N to total-N. Bacterial-N
averaged 42% of total-N for all samples during and after the
diversion, while phytoplankton averaged 21% (Fig. 8B). Several
samples during and following the diversion in which ammonium
concentrations were undetectable had high proportions of ni-
trogen present in the bacterial assemblage (60e90%; Fig. 8A;
samples falling on the right side of the triangle where
ammonium ¼ 0). In contrast, phytoplankton-N was �40% of
total-N in less than 9% of the samples, and constituted more than
60% of total-N in only one sample (note lack of symbols in the
upper portion of Fig. 8A).
4. Discussion

4.1. Nutrients in released effluent, and stimulation of algal blooms

Mounting evidence indicates that, globally, eutrophication as a
result of human activities along coastal ecosystems plays a role in
the frequency of algal blooms and HAB events, including the west
coast of North America (Glibert et al., 2005; Anderson et al., 2008;
Heisler et al., 2008; Kudela et al., 2008). A direct connection be-
tween effluent discharge in the Southern California Bight (SCB) and
HABs, however, has been established only rarely.

Locally in the SCB, Reifel et al. (2013) investigated the
response of the phytoplankton community to a discharge of
secondarily-treated sewage by the Hyperion Treatment Plant
(HTP; City of Los Angeles) into Santa Monica Bay during
November, 2006, approximately 40 km north of the present
study site. The discharge took place 1.6 km from shore at a depth
of approximately 15 m, and ammonium concentrations in the
undiluted effluent were approximately 2 mM (conditions similar
to the present study). However, the HTP diversion took place for
only z2 days, compared to the 3-week diversion by OCSD. Other
differences from the present study included more restrictive
hydrology in Santa Monica Bay leading to less initial dilution of
the effluent plume, but also strong offshore winds (Santa Ana
winds) that occurred throughout the period of the HTP diversion
and acted to drive the buoyant effluent plume directly offshore to

http://www.R-project.org
http://ggplot2.org/


Fig. 8. Triangular plot (A) of the percent contribution of ammonium, bacterial nitrogen
and phytoplankton nitrogen in 108 plume-affected samples from the plume-tracking,
event and regional cruise sample sets, collected prior to (lightly-shaded circles), during
(open triangles) and following (filled circles) the diversion. Average contributions (B)
of ammonium nitrogen, bacterial nitrogen and phytoplankton biomass to total nitro-
gen during and following the diversion.

D.A. Caron et al. / Estuarine, Coastal and Shelf Science 186 (2017) 223e236 233
the west of the north-south coastline.
The outcome of the HTP diversion differed from the present

study. While the impact of the 2-day discharge was short-lived, the
phytoplankton community mounted a considerable albeit spatially
restricted response to the discharged nutrients. Chlorophyll con-
centrations >100 mg l�1 were observed within one week of effluent
release associated with small patches of plume-affected surface
water offshore from the discharge point. Dinoflagellates dominated
the phytoplankton community in the study by Reifel et al. (2013),
and several potentially-harmful species, Akashiwo sanguinea and
Cochlodinium sp. (subsequently identified as Cochlodinium fulves-
cens) (Howard et al., 2012), were important contributors in samples
collected in the diluted plume.

The results obtained in the present study were remarkable in
light of the changes in the taxonomic composition and overall
strong response of phytoplankton standing stocks to the 2006 HTP
diversion. Chlorophyll concentrations observed in the discrete
samples obtained throughout this study of the OCSD diversion
(pre-, during-, or post-diversion; Fig. 6A) were all 1e2 orders of
magnitude less than the highest values obtained by Reifel et al.
(2013), and larger algae in the present study were dominated by
diatoms rather than dinoflagellates (note different scales for Y axes
in Fig. 6B, C).
The potential for a strong response of the phytoplankton com-
munity to the release of OCSD effluent was demonstrated experi-
mentally using incubations of natural plankton communities,
supplemented with effluent diluted to 1:10, 1:100 or 1:1000 to
mimic effluent released into the environment over a range of di-
lutions (Seubert et al., 2017). The results of those experiments
revealed a dramatic response of specific components of the
phytoplankton community (especially diatoms) to diluted effluent
during 7-day experiments. Total phytoplankton biomass estimated
as chlorophyll a in that study increased by two orders of magnitude
(>100 mg l�1) by the end of the experiments when incubated with
effluent diluted 1:10 or 1:100 at ambient light and temperature.
The reason for the discrepancy between the outcomes of the in-
cubation experiments and the response of the coastal community
to effluent release is not clear, but may be related to differences
between effluent employed in the incubation experiments and that
released at the outfall (see Section 4.3).

Explanations for the large differences observed in the response
of phytoplankton biomass between the HTP diversion and the field
observations presented here are also difficult to define. The HTP
diversion took place at a time when standing stocks of phyto-
plankton were somewhat elevated (1.1e9.8 mg chlorophyll l�1)
relative to the pre-OSCD diversion values observed along the coast
near Newport Beach (values ¼ 0.20e1.02 mg chlorophyll l�1),
perhaps contributing to faster response of the community during
the HTP diversion in 2006. Some of the differences can also pre-
sumably be ascribed to the different hydrographies of the two lo-
cations. The OCSD 1.6 km outfall is positioned along an open, active
coastline while the HTP outfall is positioned at the closed end of a
semi-enclosed body of water (Santa Monica Bay). Regardless of the
explanation, the absence of a major (or minor) phytoplankton
bloom during the OCSD diversion was unexpected and in striking
contrast to the outcome of the much shorter HTP diversion.

4.2. Anticipated nutrient loading and response of coastal waters
from the OCSD effluent diversion

Net alongshore transport of water along the San Pedro shelf is
generally down-coast, with tidal modulation resulting in frequent
short-term reversals of down-coast and up-coast transport of wa-
ter, and episodic atmospheric forcing events contributing a strong
offshore component (Jones et al., 2002; Uchimaya et al., 2014). No
major wind events occurred during the period of nearshore effluent
discharge during Fall 2012, and the temperature structure of the
water column did not indicate wind-induced upwelling events
(Supplemental Fig. S2). Therefore, tidal modulation was a strong
influence on water movement in the region during the OCSD
diversion. Current predictions from the Regional Ocean Modeling
System (ROMS) (Farrara et al., Submitted) and the results of drifter
studies conducted during the diversion support this conclusion
(2012 Orange County Sanitation District (OCSD) Outfall Diversion
eSummary Report; available at http://www.sccoos.org/projects/
2012-ocsd-outfall-repair-diversion/).

The relatively benign physical oceanographic conditions exist-
ing during the 2012 diversion indicated that water was not rapidly
advected from the study area, and therefore should have resulted in
patches of nutrient concentrations that were considerably
increased relative to typical values in surface waters. Jones and
Caron (2011) estimated the potential for the formation of patches
of high-nutrient water based on inorganic nitrogen and phos-
phorus in the effluent, anticipated initial dilution of the effluent at
the point of discharge (25:1 to 42:1), and subsequent net water
movement including tidal pulsing. They estimated that effluent
release could have resulted in patches of water with total inorganic
nitrogen concentrations >40 mM, values that could support a

http://www.sccoos.org/projects/2012-ocsd-outfall-repair-diversion/
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phytoplankton bloom as great as the most intense phytoplankton
blooms that have been observed in the SCB, based on remotely
sensed chlorophyll fluorescence and extracted chlorophyll
measured from discrete samples collectly weekly during the past
six years at piers in the region (http://www.sccoos.org/data/habs/)
(Kim et al., 2009; Nezlin et al., 2012; Seubert et al., 2013). Con-
centrations of ammonium or total-N (ammonium-
N þ phytoplankton-N þ bacterial-N) in some of the discrete sam-
ples collected during the cruises near the discharge site were
consistent with expectations of high total-N in some samples
(values > 20 mM, Fig. 4A).
4.3. Phytoplankton response during the OCSD diversion did not
explain the fate of effluent nutrients

Why, then, was a demonstrable phytoplankton bloom during or
immediately following the OCSD diversion not observed in the pre-
sent study? An obvious partial explanation would be that dilution of
the effluent plume was more rapid than anticipated. Seubert et al.
(2017) noted little detectable response of total phytoplankton
biomass (i.e. extracted chlorophyll) by the addition of effluent diluted
1:1000, although dilutions of 1:100 or 1:10 resulted in substantial
increases. Approximately 1/3 of the total number of discrete samples
from the ship surveys had total-N values > 2 mM,with some samples
much higher (Fig. 4A). Converted to phytoplankton chlorophyll (C:N
by atoms ¼ 7; C:Chl ¼ 25), such values of total-N could have yielded
extracted chlorophyll concentrations of �7 mg l�1. Such values were
not observed in this study (with the exception of one outlier; Fig. 6A).
Moreover, the relatively low chlorophyll values measured in discrete
samples during this study were consistent with observations ob-
tained using in-situ instrumentationpresented here (Figs. 2C and 3C),
and from remote sensing and in-situ instrumentation presented in
other papers of this special issue (Gierach et al., 2017; Lucas and
Kudela, 2017). These findings make it unlikely that patches of high
phytoplankton biomass were present but undetected during the
study.

Clearly, some mitigating factor(s) prevented growth of the
phytoplankton in situ during the diversion. The highest ammonium
values observed in the vicinity of the discharge may indicate that
the release was very recent and there was insufficient time for the
available nutrients to be taken up by the biological community. The
phytoplankton assemblages in the experiments of Seubert et al.
(2017) conducted using coastal water collected prior to the diver-
sion experienced a 3-day lag in the growth of the phytoplankton
community following effluent addition. The highest concentration
of effluent resulted in a marked decrease in chlorophyll during the
lag period (Seubert et al., 2017).

Evidence presented by Kudela et al. (2017) implicated a direct,
negative effect on phytoplankton photophysiology from disinfec-
tion byproducts contained in the effluent. These results are
consistent with an initial lag in phytoplankton growth of the coastal
phytoplankton community observed in incubated water samples
(Seubert et al., 2017) but they do not necessarily explain why
phytoplankton biomass did not increase at any time during the
diversion or even weeks following effluent discharge.

A rapid increase in thegrazer community couldalsomitigate rapid
phytoplankton growth if grazing pressure increased concomitantly
withphytoplanktongrowth. Increases ingrazer abundances occurred
during the diversion (Fig. 7B) and it is conceivable that grazing ac-
tivities played a role in deterring bloom formation. However, it seems
unlikely that increased grazer activity can completely explain the lack
of response of phytoplankton given the magnitude of growth-
stimulating nutrients contained in the effluent.
4.4. The role of bacteria in nutrient acquisition

A unique finding of this study was the positive response of the
bacteria to the OCSD diversion (Figs. 6E and 7A, C), and the inverse
relationship (albeit weak) between bacterial-N and salinity
(Fig. 5C). Abundances of bacteria increased during mid-diversion
up to an order of magnitude greater than abundances prior to the
diversion at some stations. These increases in bacterial carbon
biomass were comparable to and on some dates exceeded the
carbon biomass of the phytoplankton. Spatial heterogeneity of
bacterial abundances was substantial over the entire study area, but
the median abundance of bacteria on September 25 was particu-
larly high (>8 � 106 bacteria ml�1). These high abundances are in
accordance with the results of experiments with natural plankton
assemblages incubated with 1:10 or 1:100 diluted effluent (Seubert
et al., 2017). Bacteria in those experiments attained abundances
>107 ml�1. Such abundances are exceptionally high for natural
coastal environments (Ducklow and Carlson, 1992), and their cor-
responding carbon and nutrient contents constituted an important
component of the living biomass and nutrient pools of the plankton
community.

Bacteria have been shown to constitute a major fraction
(z20e60%) of the total particulate organic matter in marine
plankton communities, particularly in oligotrophic ecosystems
(Cho and Azam, 1990; Roman et al., 1995). Bacterial biomass values
in coastal ecosystems with chlorophyll concentrations similar to
those observed in the present study (<5 mg l�1) are typically ½ the
phytoplankton biomass (Cho and Azam, 1990). Increases in bacte-
rial abundances of 6.7-fold during the diversion resulted in this
assemblage comprising a substantial amount of the living carbon
biomass in the plankton (Fig. 7C). Moreover, bacteria are generally
rich in nitrogen and phosphorus relative to eukaryotic plankton
(Caron,1994; Fukuda et al., 1998). Some C:N values observed for the
particulate material in the plankton during the OCSD diversion
were quite low (<3) (McLaughlin et al., 2017). Such values are
consistent with the dominance of bacterial nitrogen in the water
during the diversion (Fig. 8) because bacteria are the only microbial
assemblage with such low C:N values (Goldman et al., 1987).

The high bacterial abundances observed during the diversion
reflected substantial net growth of the bacterial community. In-
creases in bacterial abundances during the diversion cannot be
explained by the contribution of bacterial cells present in the
effluent. Initial abundances of bacteria in the experiments of Seubert
et al. (2017) subjected to 1:10 and 1:100 dilutions of effluent were
not higher than bacterial abundances in the natural community.
Therefore, only net population growth of the natural assemblage of
bacteria could explain their increases during the diversion.

Increases in bacterial abundances in the water imply that
considerable bacterial substrate was available for bacterial growth
during the diversion. The source(s) supporting that growth in the
present study is not clear. Labile organic material may have been
released as a consequence of the effects of disinfection byproducts
on the phytoplankton assemblage (Kudela et al., 2017). Effluent also
contains particulate and dissolved organic carbon that may be
important sources of allochthonous substrates for bacterial growth,
as evidenced by measureable rates of residual biological oxygen
demand (BOD) in the OCSD effluent. Although uncharacterized in
the present study, Lyon and Sutula (2011) reported BODs that
averaged 45.5 mg l�1 in effluent from 2005 to 2009, indicating that
organic compounds in effluent may have constituted a source of
bacterial substrate in the receiving coastal waters. Finally, high
rates of nitrification in the proximity of the 8 km OCSD outfall
(McLaughlin et al., 2017) may have contributed to increases in
bacterial growth and standing stocks in water affected by effluent.

The specific source(s) of bacterial substrate remains enigmatic,
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but the development of high abundances of bacteria in this coastal
ecosystem during the diversion resulted in bacterial biomass
constituting a considerable proportion of the living carbon and
nutrients during the diversion (Figs. 7C and 8). We speculate that
this situation may characterize a generalized response of the
human-natural coupling of effluent nutrients (and attendant par-
ticulate and dissolved organic matter) into the pelagic food web of
coastal southern California in the vicinity of POTWs. Additionally,
this scenario implies that minute bacterivorous protists and phages
must play pivotal ecological roles by consuming or lysing bacteria
and cyanobacteria, remineralizing major nutrients contained in
their biomass and thereby making those nutrients available to
phytoplankton (Caron, 1994; Strom, 2000; Sherr and Sherr, 2002).
Increased abundances of bacteria may also stimulate shifts in the
phytoplankton community towards greater contributions by
phagotrophic (mixotrophic) algae to total algal biomass because
some of those species are capable of meeting major nutrient re-
quirements via the ingestion and digestion of bacterial prey
(Stoecker, 1998; Mitra and Flynn, 2010; Sanders, 2011). The timing
of nutrient release mediated by these sources of bacterial mortality,
relative to advection and dilution of the effluent, is fundamental in
determining the impact of nutrients contained in effluent on the
development of algal blooms.

5. Conclusion

The Orange County Sanitation District effluent diversion during
2012 along the San Pedro shelf in the Southern California Bight
resulted in increases in phytoplankton biomass (i.e. chlorophyll
concentrations) that generally remained well below historical
values of minor blooms in this shallow coastal ecosystem. Changes
in phytoplankton community composition were observed during
the diversion, but increases in major taxonomic groups were
temporally offset. Bacterial biomass increased substantially
through mid-diversion, and constituted a sizeable fraction of the
total nitrogen in the planktonic community from mid- through
post-diversion. We speculate that the ability of the bacterial
assemblage to capture much of the available nitrogen in the
ecosystem may have been enabled by a deleterious effect of
disinfection byproducts on phytoplankton photophysiology, and
increased availability of labile organic substrates for bacterial
growth in the discharged effluent. Immobilization of macronutri-
ents in the bacterial biomass may have delayed the utilization of
nutrients released in the effluent by the phytoplankton assemblage
until dilution and advection reduced the impact of the effluent on
the planktonic community in the region. These findings implicate
an important role for the microbial loop component of the pelagic
food web during these events.
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