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INTRODUCTION

Massive fish mortalities occur in marine and fresh-
water ecosystems (Bell & Eggleston 2005, Marti-
 Cardona et al. 2008, Palsson et al. 2008, Gannon et al.
2009, Ruuhijarvi et al. 2010) as a result of anthro-
pogenically enhanced and natural processes (Kemp
et al. 2005, Diaz & Rosenberg 2008, Thronson &
Quigg 2008, La & Cooke 2011), and the reported fre-
quency and range of such events has increased in

recent decades both in the USA (Grantham et al.
2004, La & Cooke 2011) and globally (Lugg 2000).
The term ‘fish kill’ is loosely defined in the literature,
but Lugg (2000) suggested a definition of a sudden
and unexpected mass mortality of wild or cultured
fish. Fish kills may be small in spatial scale and mag-
nitude, as documented by Hoyer et al. (2009), who
observed that the vast majority (81%) of fish kills
between 1984 and 2002 in Florida canals, rivers, and
lakes totaled <1000 dead fish. In contrast, fish kills
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may also represent a severe depletion of local
fish populations, and Lowe et al. (1991) documented
86 individual mortality events in which >1 million
fish were killed from 1980 to 1989 nationwide in the
USA.

It is often difficult to directly attribute causation to
mortality events due to their patchiness in time and
space and potential forcing by multiple underlying
processes; indeed, the complexity of such events can
lead to great debate about the mechanisms underly-
ing mass mortality events (e.g. Paerl et al. 1998,
Burkholder et al. 1999). Surpassing the temperature
limits of aquatic species has been implicated in some
seasonally localized mortalities (Bohnsack 1983,
Hoyer et al. 2009, Balayla et al. 2010). Phytoplankton
biomass can also be a causative factor behind many
mass mortality events, either through biomass accu-
mulation and consequent oxygen de pletion during
the night or termination of a bloom (Paerl et al. 1998,
Brownlee et al. 2005, Anderson et al. 2008, Glibert et
al. 2008, McInnes & Quigg 2010) or through the pro-
duction of ichthyotoxic compounds, such as those
produced by the dinoflagellates Cochlodinium poly -
krikoides (Kim et al. 1999, Mulholland et al. 2009)
and Pfisteria sp. (Burkholder et al. 1995) or the hapto-
phyte Prymnesium parvum (Southard et al. 2010).
Eutrophication has been shown to enhance growth of
phytoplankton and greatly increase biological oxy-
gen demand, especially in estuaries and inland seas
(Kemp et al. 2005, Thronson & Quigg 2008), and it is
likely that eutrophication, increased phytoplankton
biomass, and production of toxic compounds may act
together as a synergistic causative mechanism in
many mortality events. Finally, particularly in con-
fined aquaculture populations, parasite infections
may also play a role in large-scale fish mortality
events (Ogawa 2002).

The sociological impacts of fish mortalities are
numerous and include loss of revenue to aquaculture
and fishing ventures (Koehn 2004) in addition to re -
ductions in tourism-based economies (Backer 2009)
and recreational opportunities (Oh & Ditton 2005).
Some species that succumb to mass mortality events
are high-level consumers, such as the Murray cod in
Australia that is a keystone predator in its habitat
(Koehn 2004), and their removal can have cascading
effects throughout lower trophic levels (Ruuhijarvi et
al. 2010). Coastal planktivorous fish, such as sardine
and anchovy, provide a fundamental link between
producers and higher trophic levels, and changes in
their overall abundance and distribution reverberate
through primary producer, zooplankton, and other
fish communities (Chavez et al. 2003) while also

 negatively affecting their own consumers, such as
seabirds (McLeay et al. 2009, Wagner & Boersma
2011).

Here, we present highly resolved spatial and tem-
poral data from King Harbor, City of Redondo Beach,
California, USA, that describes the physicochemi-
cal conditions leading up to a massive fish kill on
8 March 2011, the spatial and temporal extent of
hypoxia throughout the harbor system following the
event, and the ultimate recovery of the harbor water
column. Data collected using in situ sensors, an
autonomous underwater vehicle, and traditional
sampling prior to, during, and after the mortality
event revealed low algal biomass, indicating no
involvement of algae, toxic or otherwise. Instead, a
rapid decrease in dissolved oxygen was observed
simultaneous with the reported mortality as a conse-
quence of respiration of extremely high fish biomass
and an input of upwelled, potentially low-oxygen
water from the local coastal environment.

MATERIALS AND METHODS

Study site

King Harbor is a commercial and recreational har-
bor located within the city of Redondo Beach, Cali -
fornia in southeastern Santa Monica Bay (SM Bay;
Fig. 1a). The harbor is semi-enclosed by a rubble
breakwater and consists of 2 marina basins (northern
and southern) joined by an outer harbor region to the
west, which in turn provides connectivity to SM Bay.
The southern opening of the breakwater provides the
only direct connection of the outer harbor region to
the coastal ocean, and the northern and southern
internal basins have connections only to the outer
harbor region. Water depths within the marina basins
range from 3.5 to 6 m, while the outer harbor slopes
from 7 m near the entrance to the northern basin to
10 m at the mouth of the harbor. King Harbor experi-
ences a mixed tide with both diurnal and semi-diur-
nal components, and data collected in 2008 with an
acoustic Doppler current profiler (Sontek Argonaut
XR) suggest that tidal ranges of 1.5 m are common.
In 2005, King Harbor suffered a significant fish mor-
tality event concomitant with a harbor red tide of
unknown composition and a prolonged regional
bloom of the red tide dinoflagellate Lingulodinium
polyedrum (Barboza & Weiss 2011). In response to
that incident, continuous monitoring of harbor water
quality began in 2006 using an embedded sensor
network at locations within the marina basins.
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Sensors

Water quality monitor sensors (WQM; Wetlabs)
were factory-calibrated prior to deployment (No v -
ember 2010) and deployed at 0.5 to 0.75 m depth
from floating docks at the northern and southern
basin locations (Fig. 1). The sensors were pro-
grammed to log temperature (°C), salinity (PSU), dis-
solved oxygen (ml l−1), and chlorophyll a fluores-
cence at 695 nm (µg l−1) for 10 s at 30 min intervals.
Each WQM was equipped with a copper BioWiper
(WetLabs) over the optical sensors and bleach injec-
tion system (BLIS) module to minimize the effects of
biofouling.

A laboratory-calibrated datasonde (DS5; Hach
Hydrolab) was used for vertical profiling at the north-
ern basin, southern basin, outer harbor, and SM Bay
locations throughout the period immediately follow-
ing the fish kill. Following equilibration just below
the surface (<10 cm), the DS5 sensor was slowly low-
ered to allow for multiple readings per depth (sam-
pling rate = 1 s−1).

The DS5 sensor was calibrated using standard con-
ductivity solutions (Hach) and a serially diluted
phytoplankton culture mixture consisting of 1 locally
isolated culture each from the Dinophyceae, Prasino-

phyceae, Bacillariophyceae, and Raphidophyceae
(Cetinic et al. 2009). Samples for extracted chloro-
phyll a analysis were processed according to the

 protocols of Strickland & Parsons (1972) and run in
triplicate with 5% HCl acidification on a laboratory
fluorometer (Turner Designs TD-700). Standardized
chlorophyll fluorescence was further normalized by
regression of sensor  values to extracted chlorophyll a
values from several whole seawater (WSW) samples
taken at each location during the study period (R2 ≥
0.80). The DS5 dissolved oxygen sensor was cali-
brated on a weekly basis using air-saturated water,
as directed by the manufacturer.

WQM data from the northern and southern basin
locations were normalized to overlapping data from
the DS5 vertical profiles. Least-squared regression
of temperature, chlorophyll, and dissolved oxygen
measurements across the 2 sensor types were highly
consistent (R2 > 0.89). Regression of salinity data in
the northern (R2 = 0.65) and southern basins (R2 =
0.88) revealed a strong effect of just 2 data points for
which the WQM-measured salinity was ~0.4 units
higher than that measured by the DS5. All continu-
ous sensor data were converted to equivalent DS5
units and are presented as such throughout the rest
of the manuscript.
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Fig. 1. (a) Southern California Bight and (inset) King Harbor. d: Northern and southern basin (NB, SB) stations with continuous
sensor sampling; m: outer harbor (OH) and Santa Monica Bay (SMB) stations sampled vertically following the mortality event
(8 March); j: phycotoxin and chlorophyll sampling locations in the San Pedro Channel (SPC); arrow: the EcoMapper AUV 

transect (‘Eco Transect’) on 25 March. (b) Dead fish along the seawall of the northern basin
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Autonomous oxygen profiles

An EcoMapper (YSI) autonomous underwater
vehicle (AUV) was deployed on 25 March to further
characterize the spatial distribution of dissolved oxy-
gen within the harbor ecosystem. A south-to-north
vertically undulating transect from 0 to 4 m depth in
the outer harbor (~315 m horizontally; Fig. 1) was
conducted by the vehicle. An electrode-free, optical
dissolved oxygen sensor (6150 ROX, YSI) was cali-
brated to air-saturated water (as described above)
before each deployment and had an operating range
of 0 to 35 ml l−1.

Meteorological data

Wind speed and barometric pressure data were
obtained from the National Data Buoy Center
(www.ndbc.noaa.gov) for Stn 46025 in the Santa
Monica Basin (33.749° N, 119.053° W) and averaged
to 6 h intervals. Sea surface temperature (<1 m
depth) was obtained through the Coastal Data Infor-
mation Program (http://cdip.ucsd.edu/) for buoy 028
in SM Bay (33.855° N, 118.633° W) and the Southern
California Coastal Ocean Observing System (http://
sccoos.org/) from an automated station (~2 m depth)
located at the Santa Monica Pier (34.008° N,
118.499° W). Daily values for the upwelling index
anomaly, based on surface pressure gradients, were
acquired for the Pacific Fisheries Environmental
 Laboratory for the 33° N region of Southern Califor-
nia (http://las.pfeg.noaa.gov). Averaged daily rainfall
data was accessed via the National Climatic Data
Center (NOAA; www.ncdc.noaa.gov/) for Stn 045114
located at the Los Angeles International Airport
(33.933° N, 118.383° W).

Toxin analyses

Near-surface (<0.5 m) WSW samples were collec -
ted at each study site into acid-washed polycarbon-
ate bottles and kept cool and out of direct sunlight
until processing within 3 to 4 h of collection. Weekly
samples from the northern and southern basins were
analyzed for domoic acid and saxitoxin from 8 Febru-
ary to 8 March, and samples from all 3 harbor loca-
tions (including the outer harbor) were analyzed
from 10, 11, and 15 March. Surface WSW samples for
domoic acid were collected and analyzed from sites
in SM Bay and the San Pedro Channel (SPC; Fig. 1)
on 9, 11, and 15 March. Volumes ranging from 150 to

200 ml were filtered onto GFFs for particulate toxin
analyses, and the corresponding filtrates were
reserved for determination of dissolved toxins. Fish
were also collected for toxin analysis on 8 March
from both the northern and southern basins. All sam-
ples were stored at −20°C until analysis, within ~2 mo
of collection.

Analyses of GFF-filtered seawater samples for
phyco toxins were performed using enzyme-linked
immu nosorbent assays test kits for particulate and
dissolved domoic acid (Mercury Science; Litaker et
al. 2008) and particulate saxitoxins (Abraxis). Partic-
ulate domoic acid and saxitoxin analyses of whole
fish samples were performed by extraction of 2 g of
whole fish sample or 0.02 to 0.7 g of fish stomach.
Limits of detection for particulate domoic acid were
0.02 ng ml−1 (WSW, 150 ml), 0.004 µg g−1 body weight
(whole fish, 2 g), and 0.01 to 0.4 µg g−1 body weight
(fish stomachs, variable quantities). Dissolved do -
moic acid was resolved to a limit of detection of
0.2 ng ml−1. The limits of detection for particulate
saxitoxin were 0.004 ng ml−1 (WSW, 150 ml) and 7.5 ×
10−4 µg g−1 body weight (whole fish, 2 g).

RESULTS

On the morning of 8 March 2011, large numbers of
dead fish in King Harbor, mainly Pacific sardine
Sardinops sagax, were reported by local residents
and through the local media (Barboza & Weiss 2011).
Fish biomass was concentrated overwhelmingly in
the northern basin (Fig. 1b), with far fewer dead indi-
viduals observed in the southern basin. In total,
1.54 × 105 kg of fish was removed from the harbor
(B. Workman, City Manager, City of Redondo Beach,
pers. comm.), or ~1.25 million fish.

Surface seawater temperatures within the harbor
were 15 to 16°C (Fig. 2a), salinity varied from 32.0 to
33.3 PSU (Fig. 2b), and dissolved oxygen averaged
3.1 and 3.9 ml l−1 in the northern and southern basins,
respectively, for several days immediately preceding
the fish kill (Fig. 2c). From May 2010 to June 2011,
average dissolved oxygen concentrations at the
northern and southern basin locations were 4.3 and
4.2 ml l−1, respectively. Exclusion of data from the
month of March 2011 increases these mean concen-
trations to 4.6 and 4.3 ml l−1, respectively. Three step-
wise decreases in dissolved oxygen were recorded
from 7 to 9 March (Fig. 2f), with slight recoveries dur-
ing each day, presumably a result of tidal flushing
and/or photosynthetically mediated oxygen produc-
tion, followed by rapid depletions in the late evening
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hours (Fig. 2f). Dissolved oxygen in the northern
basin decreased from 3.9 to 1 ml l−1 in the pre-dawn
hours of 7 March and then plummeted to <0.2 ml l−1

by midnight on 8 March. This extreme hypoxia per-
sisted for 10 d in the northern basin until the evening
of 20 March. Dissolved oxygen concentrations in the
southern basin never fell to the levels observed in the
northern basin in the lead-up to the fish kill. After
9 March, dissolved oxygen continued to be highly
variable but largely >1 ml l−1 (Fig. 2c).

Depth-resolved sensing conducted in King Harbor
and the adjacent bay during and immediately follow-
ing the event revealed a stratified water column both

within and outside of the harbor during the initial
weeks of the fish kill event (Fig. 3). Consistently
lower concentrations of dissolved oxygen were ob -
served in the northern basin than at other locations
both within the harbor or in SM Bay (Fig. 3). Values
in the northern basin were consistently ≤0.1 ml l−1

throughout the water column from 8 to 20 March.
Dissolved oxygen in the southern basin and outer
harbor showed measurable near-bottom values until
10 March, when those locations also became hypoxic
throughout the water column (Fig. 3). Oxygen con-
centrations in surface waters outside the harbor were
relatively high during this period, but values were

235

Fig. 2. Time-series data from the upper 1 m at northern (black) and southern (blue) basin locations for the period from (a−d)
2 March to 13 April and (e−f) 6 to 10 March. (a,e) Temperature, (b) salinity, (c,f) dissolved oxygen, and (d) chlorophyll a fluo-
rescence data represent values binned to 30 min intervals. (a,e) Temperature data from (red) Santa Monica (SM) Bay and
(green) SM Pier are also presented. Solid vertical black lines indicate the period shown at higher resolution (e−f). The vertical
black dotted, dashed, and dot-dashed lines indicate midnight 8 March (the first reported day of fish mortality) initiation of the
storm event on 20 to 21 March as indicated by (b) decreased salinity, and the date of the AUV transect (25 March), respectively
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markedly lower in the adjacent SM Bay below 5 m,
relative to values in surface waters at this location,
from 11 to 15 March (Fig. 3), several days after the
northern basin and outer harbor locations became
acutely hypoxic. Initial recovery of dissolved oxygen
within King Harbor was facilitated by passage of a
storm system during 20 to 21 March, which resulted
in mixing of the water column within the harbor and
in SM Bay (Fig. 3). Surface temperatures that had

been lowered by the storm began to increase again
following the storm, especially within the northern
basin, and the water column began to re-stratify dur-
ing the last week of March (Fig. 3). Dissolved oxygen
levels after the storm returned to more normal levels
at the 3 harbor locations (>3 ml l−1) but remained
highly variable, while the surface waters of SM Bay
showed significant increases in dissolved oxygen
 following the mixing event (Fig. 3).

236

Fig. 3. Depth-resolved temporal evolution of (upper plots) thermal stratification and (lower plots) hypoxia from 8 March to
13 April at the northern basin, outer harbor, southern basin, and Santa Monica (SM) Bay locations. Contours are based on
 vertical profiles completed approximately every 3 to 4 d and interpolated at 1 d intervals. The vertical black dotted, dashed,
and dot-dashed lines indicate the first reported day of fish mortality (8 March, coincident with left y-axis), initiation of the
storm-mediated mixing event on 20 to 21 March, and the AUV transect on 25 March, respectively. •: vertical profile data points
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AUV profiles from 25 March indicated low oxygen
water within the northern basin, with values <3 ml l−1

spreading out into the outer harbor region (Fig. 4),
especially near the surface and at depth. Overall, dis-
solved oxygen concentrations increased from north
to south in the outer harbor, while the water just out-
side of the southern basin location was >3.5 ml l−1

throughout the water column.
Rapid reduction of dissolved oxygen within King

Harbor on 7 March corresponded with a peak
flow of ~300 m3 s−1 (per 100 m coastline) in the
upwelling index anomaly (Fig. 5a), as determined
by surface pressure gradients for the 33° N region
of Southern California. Equator-ward, upwelling-

favorable winds were dominant, and wind speeds
were elevated during this time, with sustained
speeds in excess of 15 m s−1 (Fig 5b). Local evidence
of up welling was apparent as decreased tempera-
tures within the harbor, at a nearby pier monitoring
site, and within SM Bay (Fig. 2a,e) and slight
increases in salinity (Fig. 2b) in both the northern
and southern basins of King Harbor in the days
 preceding and during the fish kill event. A low
pressure storm system on 20 to 21 March brought
increased wind speeds (Fig. 5c) and significant pre-
cipitation. Averaged daily rainfall for this period
was estimated at 7.32 cm, accounting for >71% of
the total precipitation in the month of March and
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Fig. 4. Profiles and resulting contour plots of dissolved oxygen along a south-to-north transect in the outer harbor region of King 
Harbor on 25 March. The downward vertical profiles (n = 5) were obtained using the AUV EcoMapper. •: profile data points

Fig. 5. Meteorological data for Southern California and Santa Monica (SM) Bay. (a) Daily upwelling index anomaly for the
northeast Pacific was derived from surface pressure gradients for the 33° N region. Positive values represent equator-ward
wind stress and upwelling favorable conditions. Negative values indicate downwelling. (b) Wind speed and direction and (c)
barometric pressure were observed at NDBC buoy 46025 (33.749° N, 119.053° W). Wind direction is indicated by arrow direc-
tion from true north, with negative arrows indicating upwelling-favorable winds. Vertical black dotted, dashed, and dot-
dashed lines indicate the first reported day of fish mortality (8 March), initiation of storm-mediated mixing on 20 March, and 

date of the AUV transect (25 March), respectively



Mar Ecol Prog Ser 468: 231–243, 2012

~42% of the accumulated rainfall from January to
August 2011. A significant decrease in salinity was
observed (Fig. 2b), and vertical mixing of the water
column and initial reoxygenation were apparent
(Figs. 2c & 3), likely through the effects of increased
wind speed and diffusion of oxygen across the air-
sea interface.

Algal biomass, as indicated by in vivo chlorophyll a
fluorescence, was low (<2.5 µg l−1) in surface waters
in the weeks preceding the 8 March fish kill (Fig. 2d),
and there was no evidence of increased sub-surface
concentrations on that date (data not shown). The
surface microphytoplankton community in King
 Harbor was dominated by members of the classes
Euglenophyceae and, later, Dinophyceae (mainly
members of the Prorocentrum genus) from February
to early March, with few toxic taxa observed (Stauf-
fer et al. in press). Qualitative net tows (20 µm mesh)
from the northern and southern basin locations con-
firmed the observed absence of significant abun-
dances of toxic taxa in the weeks preceding the fish
kill event (data not shown).

Low concentrations (≤0.11 ng ml−1) of particulate
saxitoxin were measured from whole water samples
from the northern and southern basins from 8 Febru-

ary to 8 March. Domoic acid concen-
trations in both the dissolved and par-
ticulate fractions were below the lim-
its of detection (0.1 ng ml−1) within the
harbor during this time period (Table
1). Fish stomach samples collected on
8 March, however, contained do moic
acid at concentrations of 5.25 to 72.20
µg g−1 body weight, while whole fish
toxin contents were lower, at ≤0.40
and ≤0.006 µg g−1 body weight for do -
moic acid and saxitoxin, respectively
(Table 1). At the time of the fish kill, a
substantial bloom of Pseudo-nitzschia
spp. was observed offshore in the San
Pedro Channel (Fig. 1), with chloro-
phyll a concentrations >17 µg l−1 and
particulate domoic acid at extremely
high concentrations (up to 52.29 ng
ml−1; Table 2). Maximal dissolved
domoic acid concentrations (9.48 ng
ml−1) were measured in samples col-
lected on 9 March but were below
detection by 15 March, at which time
concentrations of particulate domoic
also fell to <1 ng ml−1 (Table 2).

DISCUSSION

Dissolved oxygen conditions within King Harbor
prior to the fish kill on 8 March were below satura-
tion conditions but within the physiological limits
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Date Location Chl pDA dDA pSTX

02/08/11 NB 1.0 bd bd bd
SB 0.9 bd bd 0.003

02/15/11 NB 2.4 bd bd 0.110
SB 0.4 bd bd –

02/23/11 NB 0.8 bd bd 0.005
SB 1.4 bd bd 0.006

03/02/11 NB 1.1 bd bd 0.110
SB 0.6 bd bd 0.003

03/08/11 NB 1.0 bd bd bd
SB 1.8 bd bd 0.004

Fish (stomach) na 5.25−72.20a – –
Fish (whole) na 0.10−0.43a – 0.002−0.006a

03/10/11 NB 2.0 bd bd 0.003
SB 2.0 0.09 – bd

03/11/11 NB 2.0 bd – –
SB 2.0 0.10 – –
OH 2.0 bd – –

03/15/11 NB 1.6 bd – bd
SB 9.0 bd – 0.009
OH 2.1 bd – –

Table 1. Chlorophyll a (µg l−1), particulate (pDA) and dissolved domoic acid
(dDA), and particulate saxitoxin (pSTX) concentrations for stations in King
Harbor: the northern basin (NB), southern basin (SB), and outer harbor (OH).
Whole seawater toxin concentrations are given as ng ml−1. Fish toxin concen-
tration ranges (n = 3) are indicated (a) and are given in µg toxin g−1 body
weight; –: samples that were not run; dates given as mm/dd/yy; bd: below 

detection limits

Date Location Chl pDA dDA

03/09/11 SPC1 10.35 42.29 1.38
SPC2 14.28 40.36 9.48
SPC3 16.07 52.29 4.67
SPC4 16.41 0.57 bd

03/11/11 SPC1 17.40 17.50 3.65
SPC2 9.27 8.92 2.59
SPC3 6.45 7.14 –
SPC4 11.70 0.17 –
SMB 6.40 0.28 –

03/15/11 SPC1 5.46 0.67 bd
SPC2 2.59 0.51 bd
SPC3 10.90 bd bd
SMB 2.94 0.06 –

Table 2. Chlorophyll a (µg l−1), and particulate (pDA) and
dissolved domoic acid (dDA) concentrations for stations in
San Pedro Channel (SPC 1 to 4) and Santa Monica Bay
(SMB). Toxin concentrations are given as ng ml−1. Dates
given as mm/dd/yy; –: samples that were not run; bd: below 

detection limit
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of Pacific sardine (Martinez-Porchas & Hernandez-
Rodriguez 2010). Average dissolved oxygen concen-
trations at the northern and southern basin locations
were 1.54 and 0.43 ml l−1 lower than the average for
the period from May 2010 to June 2011, respectively.
The inter-basin difference can be largely attributed
to higher concentrations, in general, within the
northern basin, ostensibly a result of time-periods
when algal primary production in the northern basin
yielded dissolved oxygen concentrations as high as
9.75 ml l−1 (compared to a maximum of 8.26 ml l−1 in
the southern basin). Other  environmental parame-
ters, including tem perature and salinity, were also
within expected ranges and offered no insight into
the potential causes for the mortality event that fol-
lowed. Additionally, no evidence was found that
algal-enhanced biological oxygen demand, high
algal abundance, or toxins within the harbor played
immediate roles in the mortality event, despite the
historical coincidence between a fish kill in King
Harbor during 2005 and a red tide in the harbor at
that time. While an algal bloom may have con-
tributed to the fish kill in 2005, our findings for the
2011 mortality event do not indicate a causative role
for algal blooms or algal toxins.

Evidence for upwelling at the time of the fish kill
 indicated a potential connection between regional
oceanography and the low oxygen concentrations
observed from 7 to 9 March. Wind-driven upwelling
has been shown to deliver cool, nutrient-enriched,
and oxygen-deficient deep offshore waters of the
California Current System to the surface coastal
waters of the west coast of the United States
(Grantham et al. 2004, Monteiro et al. 2008). Recent
research has indicated a role for upwelled waters in
the spread of hypoxic zones (Bograd et al. 2008,
Chan et al. 2008) and, as a result, mortality events in
the Pacific Northwest (Grantham et al. 2004) and
inland seas (Marti- Cardona et al. 2008). Therefore, it
is conceivable that upwelled, potentially oxygen-
deficient water may have entered King Harbor just
prior to the mortality event, thus resulting in the
under-saturated con ditions observed by the in situ
sensors. Upwelling may have further facilitated the
mortality event through the shoreward propagation
of frontal boundaries along which fish populations
have been shown to congregate (Checkley & Barth
2009) and/or which may have prevented the fishes’
exodus from the harbor. Further support for up wel -
ling in the King Harbor region just prior to the mor-
tality event can be found in the nearly 2°C temperature
decrease observed within the harbor and at nearby
coastal monitoring sites  during this period (Fig. 2e).

Studies have shown shoreward contractions in re -
cent years of sardine migration (McFarlane et al.
2005) and habitat (Zwolinski et al. 2012) within the
California Current system, suggesting a broad mech-
anism for large populations of sardine in near-shore
waters during the time period of the present study.
The failure of the sardines to leave the harbor in the
days leading to and during the fish kill remains unex-
plained, however, as sardines have been shown to
avoid waters with oxygen levels <2 ml l−1 or 25%
 saturation (Kreiner et al. 2009). With evidence of
 up welling, it is possible that avoidance of hypoxic
upwelled water from outside the harbor (Eby &
Crowder 2002, Bell & Eggleston 2005, Palsson et al.
2008) or congregation of fishes in conjunction with a
shoreward-moving frontal boundary formed by an
upwelling filament (Checkley & Barth 2009) may
have driven the fish into the northern basin (or
 prevented their exodus), where they attained very
high densities (Bograd et al. 2008, Chan et al. 2008,
Kreiner et al. 2009). Additionally, Robinson et al.
(2007) have suggested that sardine may re-distribute
themselves closer to the air-sea interface to better
utilize atmospheric oxygen rather than leaving oxy-
gen-depleted waters, and studies of other schooling
clupeoid fishes have shown increased swimming
speeds in response to gradual reductions in oxygen
(Domenici et al. 2000). Taken together, these studies
of fish ecology and physiology provide a tenable
mechanism for the accumulation and persistence of
such a large population of sardine within a restricted,
near-shore harbor with sub-optimal concentrations
of dissolved oxygen.

Sardine-specific rates of oxygen consumption
vary from 0.09 ± 0.024 ml O2 g−1 wet weight h−1 for
non-feeding, swimming fish (Logerwell 2001), 0.09
to 0.38 ml O2 g−1 h−1 depending on temperature
and feeding intensity (van der Lingen 1995), and
0.24 to 0.35 ml O2 g−1 wet weight h−1 depending on
activity level of the fish (Lasker 1970). Combined
with an  estimated low-tide volume of the northern
basin of 1.9 × 105 m3 and the reported mass of dead
fish removed (1.54 × 105 kg), calculations using
these rates suggest that complete northern basin-
wide depletion of dissolved oxygen to lethal levels
(from 3.1 to 0.1 ml l−1) was possible within 9.7 h for
a population of actively swimming and feeding fish.
When rates for non-feeding fish are used (e.g.
Logerwell 2001), this time-scale in creases substan-
tially to 41.1 h (±15); how ever, estimates based on
reduced metabolic requirements and measured
within laboratory enclosures are likely inappro -
priate for estimation of rates for an actively feeding,
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in situ population of sardine. Depletion of the oxy-
gen content of the northern basin in <10 h is con-
sistent with the temporally resolved diel decreases
recorded by the in situ sensors on 7 to 9 March in
the northern basin (Fig. 2f). Diel patterns of school
formation of Pacific sardine also correspond to
increased metabolic activity of fish within a school
during early morning (Kaltenberg & Benoit-Bird
2009) and are consistent with observed dissolved
oxygen drawdown in the early morning hours of 7
to 9 March and anecdotal reports of a large school
of sardine in the northern basin of King Harbor
prior to 8 March.

Algal biomass as indicated by chlorophyll a fluo-
rescence within the harbor was low (<2.5 µg l−1) at
the time of the fish kill, and furthermore, the ob -
served rapid depletions of oxygen occurred at night,
suggesting that oxygen re-generation via photosyn-
thesis did not play a significant role. The flux of oxy-
gen from the atmosphere into surface waters, how-
ever, may have been important, especially given the
high wind speeds observed in conjunction with the
upwelling event (maximum 15.3 m s−1; Fig. 5). Using
hourly wind speed, temperature, salinity, and dis-
solved oxygen data from 7 to 9 March and the equa-
tions of Weiss (1970), the flux of oxygen into the sur-
face waters of the northern basin varied between an
estimated maximum and minimum of 2.9 (8 March,
03:00 h) and 0.5 ml l−1 d−1 (8 March, 23:00 h), respec-
tively. The continued decline in dissolved oxygen
during this time, despite the potential positive flux of
oxygen from the atmosphere, further supports local
biological and oceanographic processes as signifi-
cant forcing mechanisms in the initiation of the
 mortality event. It is therefore plausible that, given
already reduced dissolved oxygen concentrations
within the harbor, the presence and metabolic ac -
tivities of a large school of sardine were sufficient to
further reduce dissolved oxygen levels in the hydro-
dynamically restricted northern basin to lethal levels
on the timescale observed.

While the fish kill can be attributed to the meta-
bolic activities of the fish, coupled to the influx of
potentially oxygen-deficient deep coastal water,
unanswered questions remain regarding the poten-
tial role of algal neurotoxins in the demise of the
fish. Analyses of dead fish collected on 8 March
yielded detectable concentrations of domoic acid in
gut contents and whole fish, yet domoic acid and
the diatoms that produce it, Pseudo-nitzschia spp.,
were below detection limits within the harbor at
the time of the fish kill (Stauffer et al. in press).
The presence of toxin within the fish presumably

reflected feeding by the sardine population within a
toxic Pseudo-nitzschia spp. bloom taking place in
offshore waters (~10 km WSW of King Harbor)
 during early March 2011, prior to the fish entering
King Harbor. The domoic acid concentrations ob -
served in the fish (Table 1) were below concentra-
tions that were originally thought to produce neuro-
logical symptoms in fish (Lefebvre et al. 2001).
However, the results of that study have recently
been called into question (Lefebvre et al. 2012), and
furthermore the toxin concentrations measured in
the fish represent toxin values following some un -
known period of depuration by live fish and a rela-
tively short period of decomposition within the dead
fish in King Harbor (presumably a maximum of sev-
eral days of depuration/ decomposition). Therefore,
the actual degree of initial exposure to domoic acid,
and the potential effects of such exposure, remain
undetermined.

The Pseudo-nitzschia sp. bloom observed offshore
in the San Pedro Channel at the time of the fish mor-
tality event yielded the highest concentrations of
domoic acid associated with the phytoplankton com-
munity that have been observed to date in this region
(Schnetzer et al. 2007, A. Schnetzer & D. A. Caron
unpubl. data). It should also be noted that low yet
detectable levels of saxitoxin were measured both in
whole fish and within the harbor environment at
the time of the fish kill. Saxitoxins have been shown
to inhibit aggression suppression in rainbow trout
(Bakke et al. 2010), affect metabolic activity in brain
sub-regions of the Atlantic salmon (Bakke & Hors-
berg 2007), alter neuronal protein expression and
behavior in killifish (Salierno et al. 2006), and result
in decreased growth and increased paralysis and
mortality of larval or juvenile zebrafish (Lefebvre
et al. 2004), even at  sublethal concentrations. Given
that the effects of chronic exposure to domoic acid or
saxitoxin or exposure to extremely high concentra-
tions of either toxin on fish physiology, behavior, and
navigation are still not completely clear (Bakke &
Horsberg 2007), and given that the toxin history of
the fish must be con siderably higher than values
observed in the dead specimens that were analyzed
in the present study, we speculate that it is conceiv-
able that phycotoxin exposure may have played
some role in the inability of the fish to leave the
northern basin in the presence of extreme hypoxia.

The temporal and spatial relationships of dis-
solved oxygen among the harbor locations fol -
lowing the mortality event indicate that the near-
anoxic water was largely confined to the most
affected northern basin from which the greatest
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biomass of dead fish was removed. The temporal
lag between hypoxia appearing in the northern
basin, outer harbor, and southern basin (and lack
of appearance in SM Bay) revealed a pattern of
generalized transport of low-oxygen waters from
the northern basin to the other harbor regimes
during the days to weeks following the event
(Fig. 3). The AUV transect on 25 March confirmed
a gradient from high to low dissolved oxygen from
south to north in the outer harbor (Fig. 4). Our ob -
servations were unable to uniquely identify hypoxic
waters that may have been transported shore ward
from SM Bay via upwelling, but our observations
outside the harbor were not initiated until after the
fish kill. It is expected that any signal from an
upwelling event would have been transient and
 dissipated by that time due to relaxation of the
upwelling conditions.

The high resolution observations in the present
study were only possible through the maintenance of
an in situ sensor network within the harbor. The abil-
ity to continuously monitor the ecosystem of King
Harbor through its transition from health to hypoxia
and back again allowed the investigation of the
important role of oceanographic and meteorological
processes in the development of, and initial recovery
from, a hypoxia-driven fish mortality event in March
2011. The meteorologically based oceanographic
process of wind-driven upwelling coincided with the
fish kill and potentially played a role in reducing dis-
solved oxygen concentrations prior to the fish kill.
The metabolic activities of a large school of sardine
subsequently drew down what oxygen remained
from the system, resulting in a significant mortality
event given the limited spatial scale. Sensor meas-
urements and subsequent sampling/analyses also
established that neither an algal bloom nor algal
 toxins within the harbor were directly involved in the
fish mortality.

A decreasing trend in oxygen content in the
Cali fornia Current system in recent decades (Bo -
grad et al. 2008) and documented increases in
shelf hypoxia along the west coast of the USA
(Chan et al. 2008) suggest that fish kills, such as
the one described here, as well as general benthos-
associated and water column hypoxia, are likely
linked to, and will increase in frequency with,
changing climate and oceanography (Monteiro et
al. 2008). Expansion of ocean observing efforts
throughout coastal ecosystems will continue to im -
prove our abilities to understand, model, and ulti-
mately predict and mitigate such extreme mortality
events in the future.
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