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REPORTS, REVIEW, AND PUBLICATIONS

REPORT OF THE CALCOFI COMMITTEE 2010

SIO HIGHLIGHTS

Four CalCOFI cruises were carried out successtully
over the last 12 months. The standard CalCOFI mea-
surements were made on all 4 cruises, with the addition
of pelagic trawl samples on the Scripps cruises collected
to a depth of 750 m using a Motoda-Oozeki-Hu trawl
(MOHT) with 5 m? mouth opening and 1.7 mm mesh.
The net samples primarily the micronekton (krill and
midwater fauna), as well as larger fish larvae and juve-
nile fishes. The trawl sampling complements the multi-
frequency acoustic sampling on the Scripps CalCOFI
cruises, providing ground-truth data on species and size
composition. In 2011, an MOHT opening-closing sys-
tem (MOHTOCS) will be added to the summer cruise
based on a Hydrobios mini multinet sampler with 5
cod ends, which will enable depth stratified sampling of
acoustic targets to 1000 m depth. The acoustic and trawl
sampling system was funded by a grant from the Gor-
don and Betty Moore Foundation.The California Cur-
rent Ecosystem Long-Term Ecological Research (CCE
LTER) program will provide funding for the ship-time
for trawl sampling.

The CCE LTER program continues to use CalCOFI
cruises to further characterize the biogeochemical cycles
and populations of planktonic organisms. This year CCE
purchased an advanced laser luorometry system that uses
seawater from the ship’s flow-through system to char-
acterize the phytoplankton community structure and
probe the physiological health of the phytoplankton.
It is hoped that this system will provide insight into
spatial patterns of phytoplankton community structure
and physiological state on scales smaller than the sta-
tion spacing.

Since July 2009 we have been deploying drifters on
CalCOFI cruises from the Institute for Computational
Earth System Science (ICESS). The objective of this
project is to observe and study near-shore ocean circula-
tion off the southern California coast. The drifters record
their position with GPS every 10 minutes and transmit
their position data in near real-time to a web-based host
computer. This sort of time and space resolution enables
characteristic nearshore circulation patterns to be prop-
erly resolved. Links to tracks of drifters deployed on

recent cruises can be found on the CalCOFI Web site.

The most interesting oceanographic event during
2010/2011 was the transition from El Nino conditions
to La Nifna conditions. Even though these events were
among the strongest equatorial events, their effects on
oceanographic conditions off southern California were
relatively small, in contrast to the 1998/9 event.

Starting in 2011, NOAA funding for the Scripps Cal-
COFI program will be carried out through the new
Cooperative Institute for Marine Ecosystems and Cli-
mate (CIMEC). This entails a significant increase in the
overhead rate charged for nonship and equipment items
from 16.7% to 54.5%.This places considerable strain on
our NOAA funders in the current fiscal climate.

The CalCOFI program submitted a proposal to the
South Coast Marine Protected Areas (MPA) Baseline
Monitoring Program, “An integrated monitoring and
assessment program for southern California Marine
Protected Areas”. The proposed study would moni-
tor fish communities, seabirds and marine mammals
within and outside south coast MPAs through Con-
tinuous Underway Fish Egg Sampling (CUFES), net
tows for the ichthyoplankton, acoustics, and seabird and
marine mammal observations. The proposal was led by
PITony Koslow (SIO) and co-PIs Ralf Goericke (SIO),
Andrew Thompson (SWEFSC), and Bill Sydeman (Far-
allon Institute).

The past year has seen increased interest in chang-
ing oxygen levels in the California Current and their
ecological impacts. Based on analysis of the CalCOFI
oxygen time series, McClatchie et al. (2010) reported
that midwater oxygen concentrations were about 20%
lower in the early and most recent decades of the record.
Koslow et al. (in press) examined patterns in the Cal-
COFI ichthyoplankton time series and observed that the
dominant pattern was the coherent response of a broad
suite of mesopelagic and, to a lesser extent, demersal spe-
cies to these changes in oxygen levels. The larval abun-
dance for 24 species of mesopelagic fishes was lower by
a factor of 2.6 in the 1950s and 1960s and since 2000.
There was a highly significant correlation (r = 0.74)
with midwater oxygen concentrations. Global climate
models predict a 20%—40% decline in midwater oxy-
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gen levels in the coming century due to the impacts
of global warming, which will increase stratification of
near-surface waters and reduce ventilation of the deep
ocean. This is the first report of its potential ecological
impact. These midwater fishes serve as important forage
for a variety of piscivorous fishes, squids, marine mam-
mals and seabirds.

CDFG HIGHLIGHTS

Marine Regulatory Changes

In 2010, the Commission undertook ten rule-making
actions that addressed marine and anadromous species’
aquaculture. In 2010, Fish and Game unveiled its new
Automated License Data System (ALDS) for sport fish-
ing and commercial licensing and fees. The new system
will create an accurate customer database, reduce the
risk of fraud, improve DFG’s ability to manage resources,
as well as meet state and federal mandates for track-
ing customer data. The Commission adopted changes
to the herring, rock crab, and groundfish commercial
fisheries and sport fishing regulations related to salmon,
lobster hoop nets, and groundfish. Permits and proce-
dures for aquaculture-restricted species were revised and
updated as were sport fishing and commercial licensing
requirements.

Marine Life Protection Act

The FG Commission adopted a network of 36
Marine Protected Areas (MPAs) encompassing approx-
imately 187 square miles in the south coast region,
defined as state waters between Point Conception (Santa
Barbara County) and the California border with Mex-
ico under the Marine Life Protection Act (MLPA).The
MLPA requires California to reexamine and redesign its
system of MPAs with the goals to, increase their effec-
tiveness in protecting the state’s marine life and hab-
itats, marine ecosystems, and marine natural heritage.
In addition, emergency action was taken to establish a
portion of the Stewarts Point State Marine Reserve in
Sonoma County along the north central coast as a State
Marine Conservation to allow for the recreational take
from shore of specified marine aquatic plants, finfish and
marine invertebrates including red abalone with speci-
fied gear types. This emergency action was taken to avoid
serious harm to the health, safety and general welfare of
the Kashia Band of Pomo Indians of the Stewarts Point
Rancheria.

Aquaculture and Bay Management

The Aquaculture and Bay Management Project
completed the California Pacific Herring Commercial
Fishing Regulations Supplemental Environmental Doc-
ument (SED) for the 2010-11 season.The SED included

herring spawning biomass estimates, as well as spawn-
ing population, and commercial catch assessments. The
SED evaluated DFG’s recommendation to reopen the
commercial herring season with a quota equal to 5% of
the 2009—10 spawning biomass estimate. The spawning
population increased from the historic low in 2008-09,
primarily due to favorable estuarine and oceanic condi-
tions. The spawning biomass estimate for the 2009—10
season 1s 38,409 tons, which is below the historic aver-
age (1978-79 to present) of 49,428 tons. However, this
is a significant increase over the 2008—09 season esti-
mate of 4,833 tons, which demonstrates the potential
for stock recovery with conservative management of
the fishery.

Staff worked collaboratively with the newly formed
San Francisco Bay Herring Research Association. The
Association was formed by the fishing industry with
funds set aside from the Cosco-Busan oil spill settlement
dedicated for Pacific herring research.

Invertebrate Fisheries Management

Project staff have been working to develop a stock
assessment model for lobster in California. A surplus pro-
duction model with size/age structure information was
evaluated for its use in stock assessment. The NOAA
fishery toolbox version of this model, ASPIC, failed with
the datasets available. Currently, a model based on Bever-
ton and Holt Invariant methods, used to evaluate the
Baja fishery, is being evaluated for its use in estimat-
ing California stocks. Furthermore, staff worked with
Ocean Protection Council funds to digitize 20 years of
commercial logbook information as well as the newly
introduced recreational lobster report card data. Proj-
ect biologists completed a joint study with San Diego
State University examining lobster movement patterns
in San Diego Bay. The size of the lobster population in
the bay was estimated at 94,000 to 108,000 lobsters. Tag-
ging suggests that 75% of the lobsters reside near the bay
mouth and 25% residing within the submerged rocky
structures and seagrass beds along North Island and Shel-
ter Island. There were no patterns of movement toward
the mouth or away from the interior of the bay.

The abalone project continued stock assessment work
in northern and southern California. The southern Pink/
Green AbaloneTranslocation/Aggregation Study began
in 2008 with funding from NOAA Protected Resources.
Study sites were established at San Clemente and Santa
Catalina Islands in 2009 and 2010, and monitoring is
ongoing. Abalone were tagged with both a PIT tag and
external-numbered tag so that each abalone could be
individually identified. Green abalone were translocated
at both Santa Catalina and San Clemente Islands at two
sites on each island with two additional sites as con-
trols. The white abalone restoration project funded by
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a NOAA Section 6 Protected Species grant began this
year. This three year collaborative project will focus on
developing and implementing restoration tools for the
critically endangered white abalone working with the
captive breeding program at the Bodega Marine Lab,
University of California, Davis.

A status report on the northern California red aba-
lone recreational fishery was completed and submitted
to the Fish and Game Commission. The main finding
was the average density of red abalone at eight index sites
was near the Abalone Recovery and Management Plan
trigger which would require a reduction in the Total
Allowable Catch (TAC) from the current level approxi-
mately 280,000 red abalone per year. Abalone staft com-
pleted surveys at Stornetta Ranch an area that had been
a “defacto” reserve as access was restricted due to private
property but was opened to the public in 2005. In 2010,
the site was once again closed to abalone fishing as part
of the MLPA process and there was a modest increase
in abalone density at the site.

Dungeness crab megalopae trapping continued in
Bodega Bay and Humboldt Bay. This monitoring of
recruitment will be used to develop a predictive popu-
lation abundance index for the fishery, complementing
a similar index in Oregon. In 2010, Humboldt Bay clam
creel survey results were published which used bootstrap
methods, to compare with historic surveys. The 2008
survey revealed an important shift in the species compo-
sition of clams in the fishery, a decrease in fishing eftort,
and unique methods of take within Humboldt Bay, com-
pared to the historical survey period of 1975—1989.

Ocean Salmon

In 2010, California ocean salmon fisheries were open
for the first time in two years due to an increase in the
abundance of Sacramento River Fall Chinook (SRFC).
Despite the opening, fisheries were still constrained to
satisfy both the National Marine Fisheries Service and
the Pacific Fishery Management Council’s guidance to
target the upper end of the SRFC’s conservation objec-
tive of 122,000-180,000 hatchery and natural adults to
return to spawn the following fall. Commercial ocean
salmon fisheries were opened for the first time since
2007 for a 70 day season. Estimated total commercial
landings were 15,100 Chinook salmon (103 mt). Aver-
age nominal ex-vessel price was $12.00/kg ($5.50/1b),
with an ex-vessel value of $1.2 million. The recreational
fishing season increased significantly for a season total
of 500 days across four major port areas. In 2009, only
a 10-day sport fishery was allowed in northern Califor-
nia. An estimated 14,700 Chinook were landed in 2010,
compared to 700 salmon landed in 2009. Approximately
48,800 anglers fished for salmon in 2010 compared to
5,400 salmon anglers in 2009.

Groundfish

New recreational and commercial groundfish regu-
lations were developed for 2011-2012 and approved by
the Pacific Fishery Management Council (Council) in
June 2010. However, following revisions by the National
Marine Fisheries Service (NMES) and delays in the fed-
eral rulemaking process, the new regulations did not
go into effect until June 9, 2011 in state waters. Key
recreational regulation changes include: simplified gear
restrictions, renamed management areas, and liberalized
lingcod seasons and size limits, cabezon bag limits, Cali-
fornia scorpionfish depth restrictions, and central Cali-
fornia season and depth restrictions.

Commercial management strategy highlights for 2010
included preparing environmental documents for the
Trawl Rationalization Program, federal commercial reg-
ulations, and federal Groundfish Fishery Management
Plan amendments. In addition, staff provided updated
sections for the regulatory package that increased the
statewide cabezon total allowable catch for both the
commercial and recreational sectors as indicated by the
Council and NMFS, based upon the results of the 2009
cabezon stock assessment. Groundfish staft also col-
laborated with NMFS to complete a historical catch
reconstruction of recreational and commercial landings
information, and completed a set of California sheep-
head research maps for California and Mexico to sum-
marize existing research and to help identify information
gaps. Completion of both tasks will contribute informa-
tion to future stock assessments.

For the 2010 recreational outreach program, ground-
fish project staft disseminated regulation information
to anglers and the public at 12 ports from Crescent
City to Morro Bay. Statewide, staff distributed approx-
imately 5,000 rockfish identification flyers and baro-
trauma information flyers to anglers, license vendors,
tackle shops, CDFG wardens and CDFG offices. Lastly,
staft helped hire, train, equip, schedule and supervise new
California Recreational Fisheries Survey staff in prepa-
ration for the new Department program implementa-
tion in 2011.

Recreational Fisheries

The California Recreational Fisheries Survey (CRES)
began in January 2004 to provide catch and effort esti-
mates for marine recreational finfish fisheries. The CRFS
generates monthly estimates of total recreational catch
for four modes of fishing (beach/bank and shore, piers
and jetties, commercial passenger fishing vessels, and pri-
vate vessels launched from public launch ramps) for six
geographic districts along California’s 1,100 miles of
coast. The data are used by state and federal regulators
to craft regulations to protect fish stocks and provide rec-
reational fishing opportunities. This is a multipart sur-
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vey which uses field sampling and telephone surveys. In
2010, approximately 45 samplers worked to gather the
field data. The CREFS samplers interviewed more than
73,000 anglers at over 500 sites, and examined more than
146,000 fish. The licensed angler telephone survey com-
pleted almost 26,000 interviews. For more information,
go the CDFG’s Marine Region Website: http://www.
dfg.ca.gov/marine/crfs.asp.

Fishery-Independent SCUBA Assessment

In southern California, project staft published their
analysis of historic Department barred sand bass tag and
recapture data collected in the 1960s and 1990s. Staft also
collaborated with researchers at California State Univer-
sity, Long Beach on a study that utilized active acoustic
telemetry to quantify the fine-scale movement patterns
of barred sand bass, Paralabrax nebulifer, within the spawn-
ing aggregations on Huntington Beach Flats.

In central California, project staff have completed
three years of study using traps, hook and line, and mark-
recapture methods to determine relative abundance, size,
and movements of several nearshore groundfishes in
Carmel Bay. Data were collected at several sites, includ-
ing the newly created Carmel Pinnacles State Marine
Reserve. In total, 5,632 fish were tagged and ~3% were
recaptured or visually resighted during scuba surveys.
Gopher rockfish (Sebastes carnatus), black-and-yellow
rockfish (S. chrysomelas), kelp greenling (Hexagrammos
decagrammus) and cabezon (Scorpaenichthys marmoratus)
were the most abundant species caught by traps. Blue
rockfish (Sebastes mystinus), gopher rockfish, olive rock-
fish (Sebastes serranoides) and kelp rockfish (Sebastes atrovi-
rens) were the most abundant species caught using hook
and line gear. Age, growth, and maturity information
were collected for kelp greening from 2008 to 2010.
Maturity data collected indicates that kelp greenling
spawn from September to January. Preliminary estimates
of size at 50% maturity are 275 mm TL for females and
215 mm TL for males. For more information see http://
www.dfg.ca.gov/marine/scuba/index.asp.

NOAA HIGHLIGHTS

2010 CalCOF¥FI Field Season

The field season of 2010 will be noted and remem-
bered for two significant milestones. On August 3, 2010
we officially said goodbye to the NOAA ship David
Starr Jordan as she was decommissioned during ceremo-
nies conducted at the NOAA Fisheries facility on Lake
Washington in Seattle. The David Starr Jordan was built
by the Christy Corporation in Sturgeon Bay, Wisconsin,
and launched in 1964 for the U.S. Bureau of Commer-
cial Fisheries, which later became part of NOAA as the
National Marine Fisheries Service. Since her commis-

sioning in 1966 in San Diego, over 1.3 million nautical
miles have passed under the Jordan’s keel during almost
9,000 days at sea. Many of those miles were earned dur-
ing CalCOFI surveys.

Shortly after we witnessed the Jordan’s decommission-
ing, the newest member of the NOAA fleet, the Bell
M. Shimada, was commissioned on August 25, 2010 in
Puget Sound, Washington. The Shimada is the fourth ship
of the FSV (Fisheries Survey Vessel) class built in Moss
Point, Mississippi, by V. T. Halter. The 208 foot vessel rep-
resents the latest in state-of-the-art technology with a
suite of scientific acoustic sensors mounted on an acous-
tically quiet platform.The Shimada will serve West Coast
scientists to support NOAA’s mission to protect, restore
and manage living marine, coastal and ocean resources.
The Bell M. Shimada is scheduled to conduct the spring
CalCOFI survey beginning in March of 2011.

The beginning of the field season for CalCOFI’s 61st
year saw the remnants of a moderate equatorial El Nino
which persisted into May of 2010. Positive equatorial
SST anomalies became negative by June as a weak La
Nina system established itself and persisted through the
remainder of 2010. Local anomalies within the CCLME
remained neutral to negative throughout the year. The
2010 field season saw the successful completion of the
standard quarterly CalCOFI surveys and the Pacific sar-
dine (Sardinops sagax) biomass survey using a total of
three different research vessels but also was noted for
additional activities towards the latter part of the year.

Over the course of the 2010 calendar year a total
of four individual surveys were completed using three
different vessels: SIO’s R/V New Horizon, the NOAA
ship Miller Freeman, and the chartered fishing vessel F/V
Frosti. Throughout these combined surveys a total of 407
Bongo tows, 349 Pairovet tows, 271 Manta tows, 421
CTD casts, 43 Oozeki trawls and 1,898 CUFES samples
were collected during the field season. Also collected
during the season were approximately 2,900 hours of
acoustic measurements, 1,200 hours of marine mam-
mal and bird observations and 52 satellite-tracked cur-
rent drifters were deployed. In addition, 98 surface trawls
were conducted netting approximately 270 kilograms of
adult and juvenile Pacific sardine for the annual spawn-
ing biomass estimate.

Sandwiched in between the summer and fall surveys,
members of the CalCOFI seagoing group and SWFSC
scientists were given the opportunity to put the recently
commissioned NOAA ship Bell M. Shimada through her
paces. Over two five-day periods the ship conducted
an abbreviated CalCOFI survey within the Southern
California Bight and performed high resolution sam-
pling of a glider identified mesoscale front over the Santa
Rosa Ridge. Between these two short surveys, research-
ers were able to able to identify strengths and weaknesses
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of the new platform and present suggestions which will
hopefully benefit users and operators before the ship
goes into full operation next year.

California Current Ecosystem Surveys

During spring 2010, the Fisheries Resources Division
of the Southwest Fisheries Science Center conducted a
survey of the California Current Ecosystem (CCE) oft
the U.S.West Coast, from the Mexican to Canadian bor-
ders. The cruise was an expansion of the standard Cal-
COFI sampling and was conducted during April and
May using the NOAA ship Miller Freeman and the con-
tract vessel F/V Frosti.

The survey was conducted in an anomalously warm
year, when the spring spawning Pacific sardine (Sardinops
sagax) were subjected to El Nino conditions. Prior to
the survey, during March 2010, sea-surface tempera-
tures, averaged along the entire West Coast, were 0.5 to
1 degree Celsius (0.9 to 1.8 Fahrenheit) warmer than
normal, and at points oft southern California were as
much as 1.6 degrees Celsius (2.9 degrees Fahrenheit)
higher than normal. The most unusually high temper-
atures were mapped around Santa Catalina and San
Clemente islands. Spawn of sardine was only observed
north of the Channel Islands and was concentrated oft
the central California coast. No evidence of sardine
spawn was found off northern California, Oregon, or
Washington during the survey.

Acoustic data provided a wealth of information on
the distributions of euphausiids and fish, particularly
Pacific sardine and jack and Pacific mackerel. This infor-
mation is relevant to stock assessments and ecosystem
investigations, for example seabird-prey interactions.
Consistent with the aforementioned observations of
sardine spawn, sardine were acoustically mapped south
of San Francisco and north of the Channel Islands.
Again, consistent with their seasonal migration pattern,
no sardine were sampled north of California with the
acoustic-trawl method.

Mammal and seabird observations were conducted
only from the NOAA ship Miller Freeman, between San
Diego and San Francisco. A notable feature of the marine
mammal sightings was a school of approximately 850
Pacific white-sided dolphin (Lagenorhynchus obliquidens)
and about 650 northern right whale dolphins (Lissodel-
phis borealis). Observations of this megapod of mixed
dolphin species spanned over six miles, nearshore, south
of Monterey. By far, the most numerous seabird species
encountered by the Miller Freeman was red-necked phal-
arope, accounting for more than 75% of the total. On
12 April, an estimated 10,000 birds of this species were
encountered in less than one hour, spanning about 10
nm, just north of the Channel Islands. Cassin’s auklets
and humpback whales were also observed feeding in

the area. A NOAA Technical Memorandum is planned
to summarize the preliminary results from the spring
2010 CCE survey.

CalCOFI Ichthyoplankton Update

During the past year the SWFSC Ichthyoplankton
Ecology continued to retroactively update to current
standards larval fish identifications from 1951 to the
present. Identification of Pacific whiting (hake) and jack
and Pacific mackerels collected in the CalCOFI bongo
net samples are now complete from 1986 to the pres-
ent for the eggs and 1966 to the present for the larvae.

We have identified market squid paralarvae from Cal-
COFI bongo samples dating back to 1997 and from
neuston samples dating back to 1981. All cephalo-
pod paralarvae have been identified in all samples and
included in the database since 2008. Additional cephalo-
pod paralarvae species were identified sporadically from
CalCOFI samples from 1997 to 2007.The presence or
absence of jumbo squid paralarvae has been of particu-
lar interest in recent years; ommastrephid paralarvae are
rare in CalCOFI collections, and none have been col-
lected since summer of 2008.

We collaborated with Ron Burton and his students at
SIO on the development of a high-throughput system
for molecular identification of ichthyoplankton in the
California Current Ecosystem. The ultimate aim of this
project is to provide accurate, near real-time identifica-
tions of fish eggs, which often are difficult or impossible
to identify to species using traditional morphological
characters. When fully developed, this method will be
enable us to identify with accuracy the spawning loca-
tions of several taxa of that are valuable to sport or com-
mercial fisheries such as Pacific hake, Pacific mackerel,
white seabass and California barracuda.

‘We analyzed the larval fish assemblage from the winter
CalCOFI cruises in 2002—-2004.These cruises coincided
with detailed sampling within the Cowcod Conserva-
tion Area (CCA), a marine reserves embedded within
the core CalCOFI sample frame. We evaluated simul-
taneously assemblage dynamics from the relatively large
(CalCOFI) and small (CCA) spatial scales. We found that
the larval fish assemblage changed significantly during
a transition from La Nina (2002) to El Nino conditions
(2003-2004) at the smaller scale, but was relatively stable
through time at the larger scale. A manuscript describing
these results is being prepared.

PaCOOS—Pacific Coast Ocean
Observing System

In 2010 the focus for PACOQOS was to continue to
serve biological data via the Internet as well as increase
survey coverage in support of the California Current
(CC) ecological observing system. Data access and data



COMMITTEE REPORT
CalCOFI Rep., Vol. 52, 2011

interoperability underlie ecological forecasts and inte-
grated ecosystem assessments in the California Cur-
rent. Collaboration and partnerships within NOAA and
between NOAA and academic scientists remains the pri-
mary means of developing these forecasts and assessments.

Data management activities in 2010 centered on
merging and access to the historical CalCOFI biologi-
cal and physical data housed at the Southwest Fisheries
Science Center and the Scripps Institution of Ocean-
ography, respectively. Currently, PaACOOS is developing
a map with a series of overlays of ongoing ocean sur-
veys carried out in the California Current Large Marine
Ecosystem. The surveys include government, academic
and other research nonprofit organizations from Mexico
to Canada. The final activity to highlight is the quar-
terly reporting of climate and ecosystem science and
management activities in the California Current that
started in 2008. The quarterlies can also be accessed on
the PaCOOS Web site.

The 2011 plans for PaCOOS include continued
coordination with the Regional Associations on joint
proposal development with an emphasis on data manage-
ment, ecological forecasting and assessment, and increas-
ing ocean observing data when opportunities arise.

Other Surveys Conducted in the
California Current

Lines 60 and 67. MBARI, NPS, and UCSC sci-
entists continue to occupy Line 67 oftf Monterey and
Line 60 oftf San Francisco with NOAA and MBARI
funding. A consistent suite of samples has now been
collected quarterly along Line 67 since 1997, and near-
shore since 1989. In recent years this shipboard work has
been augmented by mooring, AUV, and glider programs.
The focus has been on: 1) seasonal/interannual/decadal
temporal variations; and 2) Monterey Bay/upwelling
system/California Current spatial variations. The data
document California Current and Upwelling System
dynamics over several ENSO cycles as well as a decadal
to multidecadal shift.

In 2010 we were able to occupy Line 67 five times.
The first two cruises (winter and spring) were in asso-
ciation with southern CalCOFI. The first cruise was on
the F/V New Horizon in February (S110) and the sec-
ond on the NOAA ship Miller Freeman in April (S210).
MBARI and UCSC personnel collected nutrient, phy-
toplankton and zooplankton samples during a summer
cruise aboard the NOAA ship McArthur I in July (S310)
with support from the Monterey Bay National Marine
Sanctuary. A fall cruise out to 67-135 (400 km from
shore) was made aboard the MBARI vessel Western Flyer
in September (S410). Finally, a cruise was made aboard
the Point Sur in November (S510). Data from the three
cruises have been processed and quality-controlled, and
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are available both in the MBARI Biological Ocean-
ography database and online. 2010 was a near-normal
year, although with warmer than average start due to
the effects of the 2009—10 El Nino. MBARI moorings
documented warmer than average and fresher conditions
during the first 4 months of the year. Lower than aver-
age surface chlorophyll and higher than average deep
chlorophyll accompanied the warmer and fresher con-
ditions. The last 8 months of the year were average or
slightly cooler and saltier than average. As analysis and
publication proceed, the 2010 work will enable data-
based exploration of: 1) the 2009—10 El Nino; 2) the
putative decadal shift to cool conditions after 1998; and
3) secular climate change.

Trinidad Head Line. NOAA’s National Marine Fish-
eries Service, Southwest Fisheries Science Center and
Humboldt State University continue collaborative ocean
observing efforts off northern California. Data are col-
lected at roughly monthly intervals along the Trinidad
Head line, which consists of six stations along a transect
extending approximately 27 nm due west from Trinidad
Head. Standard sampling protocols include CTD casts to
a maximum depth of 150 m, collection of zooplankton
samples by oblique bongo tows (505 pm to formalin
and 335 pm mesh to EtOH) from a maximum depth
of 100 m and vertical 0.5 m ring net tows from a maxi-
mum depth of 100 m (200 wm mesh to formalin). These
observations are being augmented by CTD data and
ring net samples collected at the first five stations during
research cruises lead by Dr. Jeff Abell (HSU, Oceanogra-
phy) to quantify ocean acidity and other hydrographic
and chemical parameters under a grant funded through
the Ocean Protection Council. All cruises in 2010 and
into 2011 were conducted aboard Humboldt State Uni-
versity’s R/V Coral Sea. On NMFS-HSU PaCOOS
cruises, sampling of offshore stations occurs after dark,
but sampling over the shelf is conducted during daylight
hours. Sampling on OPC cruises is typically conducted
during daylight hours.

Here we report hydrographic and chemical data for
Station THO2 (41°3.50'N, 124°16.00'W). These data
show the dissipation of coastal effects of the 2009-2010
El Nino as strong upwelling resumed in the late spring
and summer of 2010. Modest warming occurred in late
summer and fall 2010, but was not nearly as pervasive as
during the previous year’s. Observations into 2011 indi-
cate the effects of variable upwelling and downwelling
during winter and early spring.

Shark Surveys

The SWESC'’s shark research group is responsible for
collecting data to support the management of blue (Pri-
onace glauca), shortfin mako (Isurus oxyrinchus) and com-
mon thresher sharks (Alopias vulpinus), all of which are
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common in off the U.S. West Coast and taken in regional
fisheries, primarily as juveniles. Common thresher and
mako sharks have the greatest commercial value and are
also targeted by sport fishers. Although the blue shark
has little market importance in the United States, it is a
leading bycatch species in a number of U.S. fisheries and
is targeted in Mexico. One of the primary methods used
by NOAA Fisheries to collect data on the three species
is fisheries independent surveys. These surveys provide
catch data that allow us to track trends in abundance.
Use of fisheries data alone for estimating population
status is complicated by changes in regulations, fishing
methods, and areas over time. The surveys also provide
the opportunity to deploy conventional and electronic
tags, obtain biological samples and conduct studies on
age and growth.

Juvenile Mako and Blue Shark Survey. In 2010, the
SWESC conducted its seventeenth juvenile shark sur-
vey for mako and blue sharks since 1994. The annual
abundance survey was completed between July 14 and
August 12,2010. Working aboard F/V Ventura I, a team
of scientists and volunteers fished a total of 5,956 hooks
during 29 daytime sets inside seven focal areas within
the Southern California Bight. Survey catch totaled 13
shortfin makos, 25 blue sharks, 18 pelagic rays (Pferoplaty-
trygon violacea), 10 opah (Lampris guttatus), and 1 mola
(Mola mola). The preliminary data indicate that the nomi-
nal survey catch rate was 0.057 per 100 hook-hours for
shortfin mako and 0.105 per 100 hook-hours for blue
sharks. The nominal CPUE for both blue and shortfin
mako sharks were the lowest in survey history. There is a
declining trend in nominal CPUE for both species over
the time series of the survey.

Additional research projects were also conducted dur-
ing the cruise. An experiment begun in 2009 was con-
tinued to examine the potential for using a composite
of rare earth metals to reduce shark bycatch. The met-
als were secured close to the baited hooks and catch
rates on treatment and control hooks were compared.
Thirteen sets were completed for the experiment dur-
ing the 2010 cruise to add to the 25 sets conducted
in 2009. Preliminary results indicate that the rare earth
metals did not affect the catch rate of shortfin mako
or blue sharks as they were caught on the experimen-
tal hooks and control hooks in almost equal numbers.
These results differ from those found on some coastal
shark species where the deterrents proved effective at
lowering catch rates. The data are being further exam-
ined based on size, sex, and other potential factors before
drawing final conclusions.

Other objectives of the cruise were to deploy satellite
and conventional tags, and to collect biological samples
from sharks and swordfish. A total of 242 conventional
tags were deployed on 50 shortfin mako sharks and 192

blue sharks. A total of 310 DNA samples were collected
including samples from 53 shortfin mako and 244 blue
sharks. In a cooperative effort with TOPP (Tagging
of Pacific Pelagics), 10 electronic tags were deployed
on sharks to examine the habitat-use patterns in the
California Current system. Four shortfin mako sharks
ranging from 147 to 203 cm fork length were released
with a radio position transmitting tag (SPOT). Six blue
sharks ranging from 175 to 221 c¢m fork length were also
released with SPOT tags. Satellite tagging of mako and
blue sharks has been ongoing since 2002 and reveals site
fidelity of both species to the Southern California Bight
waters in the summer months with excursions through-
out the entire temperate Eastern Pacific Ocean during
other seasons.

Neonate Common Thresher Shark Survey. The com-
mon thresher shark pre-recruit index and nursery ground
survey was initiated in 2003 to develop a fisheries-inde-
pendent index of pre-recruit abundance and has been
conducted in each year since. Common thresher sharks
are the most valuable sharks taken in commercial fisher-
ies oft California and are also frequently caught by recre-
ational fishermen. In September 2010, the SWFSC team
worked aboard the F/V Outer Banks. Forty-eight long-
line sets were made in relatively shallow, nearshore waters
and a total of 4,800 hooks were fished during the 18-day
cruise. Shark catch included 295 common thresher, 5
smoothhound (Mustelus), 2 spiny dogfish (Squalus acanth-
ias), and 1 leopard (Triakis semifasciata) shark. Two hundred
and sixty-eight sharks were tagged with conventional tags
and 280 DNA samples were collected.

The preliminary survey data indicate that the average
nominal catch rate by set was 3.75 per 100 hook-hours
for common thresher sharks. This is the highest catch
rate since the inception of the survey. The distribution
of common threshers is very patchy and areas of high
abundance are not consistent across years. In all years, a
large percentage of the catch has been neonates, which
were found in all areas surveyed. In addition to pro-
viding important information on abundance and distri-
butions, the thresher shark pre-recruit survey enhances
other ongoing research at SWEFSC, including age and
growth, feeding, and habitat utilization studies.

West Coast Midwater Trawl Survey. The twenty-
ninth annual West Coast midwater trawl survey was con-
ducted during the peak of the upwelling season from
May 2 through May 26,2011.The survey targets pelagic
juvenile rockfish for fisheries oceanography studies and
for developing indices of year class strength for stock
assessments, although in recent years the focus of the
survey has expanded to encompass an ecosystem survey
focusing on the productivity and distribution of the for-
age assemblage (particularly krill).

Although in recent years the survey has typically
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been conducted on larger research vessels over a 6 week
period, and spanned the region from Cape Mendocino
to the U.S./Mexico border, budget constraints led to a
cancellation of the anticipated cruise on the newly chris-
tened NOAA ship Bell M. Shimada, and a very abbre-
viated (over time and space) survey was conducted
onboard the chartered fishing vessel F/V Excalibur. As a
result, research activities did not include daytime oceano-
graphic or seabird/marine mammal surveys (for the first
time since 1985), nor was it possible to collect multi-
beam acoustic data, and the duration and spatial extent of
the survey was truncated considerably. High winds dur-
ing much of the survey and an abundance of jellyfish in
many areas also constrained the survey. Consequently, a
reduced number of trawls (66) and CTD casts (70) were
conducted in 2011. By contrast, from 2003-2010 the
average number of tows per year was 144, with an aver-
age of 251 CTD casts. Future surveys are anticipated to
take place on the NOAA ship Bell M. Shimada, which
should result in a return to greater spatial and tempo-
ral resolution and data availability. A companion survey
north of Cape Mendocino also took place in 2011, con-
sistent with a collaborative survey run by the NWFSC
and the Pacific Whiting Conservation Cooperative sur-
veys conducted from 2001-2009. Efforts to standardize
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and pool the results of these surveys for the development
of coastwide indices of abundance are ongoing.

Sampling is focused on young-of-the-year (YOY)
groundfish, particularly rockfishes (Sebastes spp.), Pacific
whiting (Merluccius productus), lingcod (Ophiodon elon-
gatus), rex sole (Glyptocephalus zachirus), and sanddabs
(Citharichthys spp.). Data are used in stock assessments
for several of these species. In addition, a wide variety of
other epipelagic micronekton are captured and enumer-
ated, including krill (Euphausia pacifica and Thysanoessa
spinifera), market squid (Loligo opalescens), lanternfishes
(Diaphus theta, Tarletonbeania crenularis, Stenobrachius leu-
copsarus, Lampanyctus spp.), northern anchovy (Engraulis
mordax), and Pacific sardine (Sardinops sagax). The entire
assemblage is analyzed to develop indicators of ecosys-
tem state and productivity, which relates the productiv-
ity of higher trophic level species that forage on much
or all of this assemblage. As with the 2009 and 2010 data,
results from 2011 continue to represent a return to cool,
high productivity conditions similar to the 1999 to 2003
period for many groups, with the highest catches since
this period being observed for juvenile rockfish, sanddabs
and market squid in particular. Additional information
on these data and efforts are reported in the State of the
California Current report in this volume.
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REVIEW OF SELECTED CALIFORNIA FISHERIES FOR 2010:
COASTAL PELAGIC FINFISH, MARKET SQUID, OCEAN SALMON, GROUNDFISH,
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KELLET’S WHELK, AND WHITE SEABASS

CALIFORNIA DEPARTMENT OF FISH AND GAME
Marine Region
8604 La Jolla Shores Drive
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SUMMARY

In 2010, commercial fisheries landed an estimated
197,956 metric tons (t) of fish and invertebrates from
California ocean waters (fig. 1). This represents an increase
of 23% from the 160,615 t landed in, and a nearly 22%
decline from the peak landings of 252,568 t observed
in 2000. The preliminary ex-vessel economic value of
commercial landings in 2010 was nearly $175 million, an
increase of 56% from the $112 million in 2009.

California market squid once again emerged as the
largest volume and highest value fishery in the state with
over nearly 130,000 t landed and an ex-vessel value of
approximately $73.8 million, a 30% increase from the
$56.9 million of 2009. Such increases can be attributed
to favorable environmental conditions.

Pacific sardine landings experienced a 10% decrease
in volume during 2010.This was largely due to a more
restrictive harvest guideline (HG) based on declining
stock abundance. Similar to 2008, the fishery exhibited
the characteristics of a “derby.” Other coastal pelagic fin-
fish that also experienced a drop in landings were Pacific
mackerel and northern anchovy. Jack mackerel, on the
other hand, registered an increase in landings.

In 2010, 9,960 t of commercial groundfish were
landed in California, a slight decrease over 2009 land-
ings. However, the ex-vessel value of the fishery of $20.8
million saw an increase over 2009 values.

In terms of highly migratory species, 367 t of sword-
fish with an ex-vessel value of $2.2 million were landed
in 2010, a 10% decline from landings in 2009 of 407 t.
Albacore was the most abundant tuna caught in Cali-
fornia waters, as well as along the West Coast. Commer-
cial landings totaled 11,855 t with an ex-vessel value
$1.8 million. Recreational albacore landings in Califor-
nia from Commercial Passenger Fishing Vessels (CPFV)
totaled 33,679 fish.

Dungeness crab landings more than doubled in 2010
compared to 2009, and remained one of the more valu-
able state fisheries with an ex-vessel value of $34.2 mil-
lion. Concerns regarding increased effort in the fishery
have prompted strong support for a statewide, tiered trap
limit program. As of May 2011, legislation is pending on
creation of a trap limit program.

A total of 319 t, the California spiny lobster (Panuli-
rus interruptus) was commercially landed in 2010. While
substantially lower than the recent peak of 403 t in 2006,
the 2010 landing total continues a trend of 300 t, or
more, lobsters landed per calendar year since 2000. The
2010 ex-vessel value of the lobster fishery was a record
$11.13 million.

Spot prawn landings in 2010 were 110 t, a 14%
decrease from 2009 although market demand was high.
The decrease in landings is most likely due to the poor
weather and sea conditions that characterized 2010.

Kellet’s whelk supports a growing commercial fishery,
but is not important recreationally with 67.5 t landed in
2010 with an ex-vessel value of $117,000.The California
Fish and Game Commission (Commission) has identi-
fied Kellet’s whelk as an emerging fishery because both
landings and the number of participants in this fishery
have increased dramatically since 1993.

‘White seabass is the target of both a commercial and
recreational fishery. The commercial white seabass fish-
ery landed 243 t in 2010, a 39% increase from the 2009
total of 175 t, while the recreational take increased by
56% to 121 t in 2010 from the previous year’s total
of 77 t. The commercial ex-vessel value in 2010 was
$1,528,913.

In 2010, the Commission undertook nine rule-
making actions that addressed marine and anadromous
species. The Commission adopted changes to commer-
cial or sport fishing regulations that include Central
Valley and ocean salmon, rock crab, lobster hoop net,
and herring. The Department also began implement-
ing an Automated License Data System which allows
for the purchase of commercial and recreational fishing
licenses online. It also creates a customer information
database that satisfies the federal mandate of establishing
a National Saltwater Angler Registry.

On 15 December 2010 the Commission adopted
regulations to create a suite of marine protected areas
(MPAs) in southern California from Point Conception
to the California/Mexico border. Developed under the
Marine Life Protection Act planning process, the net-
work of 49 MPAs and 3 special closures (including 13
MPAs and 3 special closures previously established at
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Figure 1. California ports and fishing areas.

the northern Channel Islands) covers approximately 354
square miles of state waters and represents approximately
15% of the region. These new MPAs will go into effect
on 1 October 2011.

Coastal Pelagic Finfish

Pacific sardine (Sardinops sagax), Pacific mackerel
(Scomber japonicus), jack mackerel (Trachurus symmetricus),
and northern anchovy (Engraulis mordax) form a finfish
complex known as coastal pelagic species (CPS). These
species are jointly managed by the Pacific Fishery Man-
agement Council (Council) and the National Marine
Fisheries Service (NMES). In 2010, total commercial
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landings for these species equaled 37,050 t (table 1), and
was worth nearly $5.2 million in ex-vessel value. Com-
pared to landings in 2009, this represents an 18% and
25% decrease in quantity and value, respectively. Once
again Pacific sardine ranks as the largest fishery among
these four species, contributing 91% of the combined
quantity and 82% of the combined value.

Pacific Sardine. In 2010, the total tonnage of Pacific
sardine landed, 33,658 t, was 10% lower than in 2009
(37,578 t). California landings of Pacific sardine gener-
ated an ex-vessel value of approximately $4.3 million.
Commercial landings of sardine averaged 48,050 t over
the ten-year period from 2001-2010 (fig. 2). Nearly all
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TABLE 1
Landings of Coastal Pelagic Species in California (metric tons)
Pacific Northern Pacific Jack Unspecified Pacific Herring Market

Year sardine anchovy mackerel mackerel mackerel herring roe squid Total

1977 2 101,132 3,316 47,615 5,286 12,811 170,163
1978 1 11,439 8,241 34,349 48 4,473 17,145 75,696
1979 51 48,880 22,404 21,548 301 4,257 19,982 117,424
1980 21 42,946 25,739 24,181 56 8,061 15,385 116,389
1981 34 52,308 35,257 17,778 132 5,961 23,510 134,980
1982 2 42,150 17,667 19,618 18,398 10,604 16,308 124,747
1983 1 4,427 17,812 9,829 23,659 8,024 1,824 65,576
1984 1 2,889 26,043 9,149 18,038 3,847 564 60,532
1985 6 1,626 18,149 6,876 19,624 7,984 10,275 64,540
1986 388 1,535 22,095 4,777 25,995 7,658 21,278 83,727
1987 439 1,390 26,941 8,020 19,783 8,420 19,984 84,978
1988 1,188 1,478 30,127 5,068 20,736 8,641 37,233 104,471
1989 837 2,449 21,067 10,746 26,661 9,296 40,893 111,950
1990 1,664 3,208 31,077 3,223 9,039 7,436 28,447 84,094
1991 7,587 4,014 31,680 1,693 339 7,347 37,389 90,048
1992 17,950 1,124 18,574 1,209 3 6,319 13,110 58,289
1993 15,346 1,958 11,798 1,673 3,846 0 42,722 77,345
1994 11,644 1,789 10,008 2,704 0 77 2,874 55,508 84,603
1995 40,328 1,886 8,625 1,728 3 4,664 72,433 129,667
1996 32,559 4,421 9,597 2,178 4 249 5,162 80,784 134,954
1997 43,246 5,718 18,398 1,160 1 0 9,147 70,387 148,057
1998 42,956 1,457 20,515 824 0 2,009 2,895 70,656
1999 59,493 5,179 8,688 953 0 2,279 91,950 168,542
2000 53,612 11,754 21,916 1,269 0 26 3,450 118,816 210,843
2001 51,894 19,277 6,925 3,624 1 0 2,768 86,385 170,873
2002 58,354 4,643 3,367 1,006 2 0 3,324 72,920 143,615
2003 34,732 1,676 3,999 156 0 34 1,808 45,061 87,467
2004 44,305 6,793 3,570 1,027 0 60 1,581 41,026 98,362
2005 34,633 11,182 3,244 199 219 136 58,391 108,005
2006 46,577 12,791 5,891 1,167 0 37 694 49,159 116,316
2007 80,981 10,390 5,018 630 1 336 261 49,474 147,091
2008 57,806 14,285 3,530 274 0 131 626 38,101 114,754
2009 37,578 2,668 5,079 119 1 74 460 92,338 138,317
2010 33,658 1,026 2,056 310 0 129,904 166,954

Data Source: Commercial Fisheries Information System (CFIS)

(96%) of California’s 2010 sardine catch was landed in
Los Angeles (83%, 27,809 t) and Monterey (13%, 4,305
t) port areas (table 2).

The Pacific sardine fishery ranges from British
Columbia, Canada, southward to Baja California, Mex-
ico (BCM). Since the resurgence of sardines in the 1980s,
the majority of landings have occurred in southern Cali-
fornia and northern Baja California. However, since the
expansion of the sardine fishery in 1999, landings have
steadily increased in the Pacific Northwest and Canada.
The combined landings of Pacific sardine for Califor-
nia, Oregon, and Washington totaled 66,920 t, a slight
decrease from the 67,050 t landed in 2009. The Pacific
sardine harvest guideline (HG) for each calendar year is
determined from the previous year’s stock biomass esti-
mate (of >1-year-old fish on 1 July) in U.S. and Mexican
waters. The recommended HG for the 2010 season was
67,039 t based on a biomass estimate of 702,204 t. The
Pacific sardine HG was apportioned coastwide through
the year with 35% allocated from 1 January through 30
June, 40% plus any portion not harvested allocated from

1 July through 15 September, and the last 25%, plus
any portion not harvested from the first two allocations,
released on 15 September.

In 2010, U.S.West Coast fisheries harvested nearly all
(99.8%) of the HG, same as the previous year (100%).
The 1st allocation (Jan 1-June 30) lasted 163 days. This
was markedly longer than the 2nd (July 1-Sept 14) and
3rd (Sept 15—Dec 31) allocations which lasted 22 and 10
days, respectively. Increased fishing efforts, such as mul-
tiple landings per day, were observed during all alloca-
tion periods. During the 2nd and 3rd allocations, fishing
effort continued during weekends, a period normally
not fished. Since the 2008 reduction in the HG, the
fishery has become a “derby,” resulting in early closures
of each allocation period. The directed Pacific sardine
fishery was officially closed by the NMES on Septem-
ber 24, 2010.

The steady increase of sardines landed in Oregon
since 1999 may have leveled off in the last 3 years (fig. 3).
Oregon landings of sardine totaled 20,852 t in 2010, a
slight decrease from 2009 (21,481 t). In 2010, Oregon
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Figure 2. California commercial landings of Pacific sardine (Sardinops sagax), Pacific mackerel (Scomber japonicus), and

northern anchovy (Engraulis mordax), 1984-2010.

exported 646 t of sardine product worth a little over
$555,000.

Washington landings of Pacific sardine totaled
12,381 tin 2010, an increase of 54% from 2009 (8,026 t).
Washington exported more sardine (35,764 t) than was
landed; the product was most likely sardine landed in
Oregon or the previous year.

In November 2010, the Council adopted a HG of
50,526 t for the 2011 Pacific sardine fishery based on a
biomass estimate of 537,173 t and the harvest control
rule in the Coastal Pelagic Species Fishery Management
Plan (CPS FMP). This HG would be a 30% reduction
from that of 2010. It would also incorporate a 4,200 t
set-aside allocated for dedicated Pacific sardine research
activities in 2011.

The 2010 recreational Pacific sardine catch as sam-
pled from the California Recreational Fisheries Survey
(CREFS) was 50 t (886,000 fish), similar to that of 2009
(20% increase, by number of fish). The majority of the
fish landed were from man-made structures, such as piers.

Pacific Mackerel. 1n 2010, 2,056 t of Pacific mack-
erel were landed in California (table 1, fig. 2). The
majority of landings were made in southern Califor-
nia port areas (table 2). The total ex-vessel value gener-
ated for Pacific mackerel in 2010 was $410,800. Industry
exported 552 t of mackerel product, valued at nearly
$5,877,000, to 15 countries. Egypt (168 t), Peru (88 t),
and Jamaica (72 t) received over 59% of this product.
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TABLE 2
Landings (metric tons) of Pacific sardine
(Sardinops sagax) and Pacific mackerel (Scomber japonicus)
at California port areas in 2010.

Pacific sardine Pacific mackerel

Area Landings % Total Landings % Total
Monterey 4,305 12.8 0.0 0.0
Santa Barbara 1,524 4.5 9.4 0.5
Los Angeles 27,809 82.7 2,045.2 99.5
Total 33,638 100 2,054.6 100

Oregon reported 49 t of Pacific mackerel landed there
in 2010 for a total ex-vessel value of $2,872. This is
slightly less than the 2009 catch of 53 t. No landings of
mackerel have been reported in Washington since 2005.
Washington landings of Pacific mackerel are typically
low, with the greatest landings occurring in 2001 (371 t).

Similar to sardines, the majority of Pacific mackerel
landings occur in southern California and Ensenada,
BCM. In the U.S., the fishing season for Pacific mack-
erel is 1 July to 30 June the following year. At the start
of the 2010-2011 season, based on an estimated biomass
of 282,049 t, the PMFC set the HG at 11,000 t, with
a 3,000 t set-aside for incidental landings in other fish-
eries. Landings above the HG would be constrained by
an incidental catch rate of 45% by weight when landed
with other CPS.
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Figure 3. Commercial landings of Pacific sardine (Sardinops sagax) in California, Oregon, and Washington, 1999-2010.

The 2010 recreational Pacific mackerel catch as sam-
pled from CRES was 233 t (1,168,000 fish),a 97% (77%,
by number of fish) increase from 2009. A total of 27,205
fish were reported landed on CPFVs.

Jack Mackerel. In 2010,jack mackerel landings rep-
resented less than 1% of the total catch of federally man-
aged CPS finfish in California with 310 t landed. The
ex-vessel revenue for jack mackerel was $62,355 for Cal-
ifornia. Landings in Oregon continue to be low with 3 t
landed in 2010 (no ex-vessel value). Washington reported
no landings of jack mackerel during 2010.

The 2010 recreational jack mackerel catch as sampled
from CRFS was 17 t (276,000 fish), a 325% (500%, by
number of fish) increase from 2009. A total of 2,017 fish
were landed on CPFVs.

Northern Anchovy. Landings of northern anchovy
in California have been reported since 1916. Historically,
anchovy was reduced to oil or fish meal and the fish-
ery was modest compared to Pacific sardine and Pacific
mackerel. However, periods of low sardine abundance
saw increased anchovy landings. Peak landings were
seen in the early to mid 1970s with total annual har-
vest exceeding 100,000 t at times. Presently, landings of
northern anchovy are modest, averaging about 8,500 t
per year over the last 10 years (fig. 2). The vast major-
ity of northern anchovy are landed in California, with
occasional landings in Oregon and Washington. Anchovy
are currently used for human consumption, animal food,
live bait, and reduction.

Three stocks of northern anchovy are identified:
northern, central and southern. California fishery har-
vests are taken from the central stock which ranges from
northern Baja to San Francisco. Studies of scale deposits
on the sea floor suggest that anchovy abundance can be
quite high at times. Currently, northern anchovy are a
monitored species under the CPS FMP.

California landings of northern anchovy in 2010
amounted to 1,026 t with an ex-vessel value of nearly
$462,700 (table 1). This is a 62% decrease from 2009
landings (2,668 t). Exports of northern anchovy prod-
uct from California totaled 11 t for an export value of
$68,877. Three countries received anchovy product from
California; Taiwan received the majority at 91%.

For 2010, Oregon reported landings totaling 138 t
with an ex-vessel value of $31,869. No exports of north-
ern anchovy were reported. Washington reported no
landings of anchovy for 2010.

Dacific Bonito. From 2001 to 2010, annual Pacific
bonito (Sarda chiliensis lineolata) landings averaged 607 t,
a small percentage of the total CPS quantity landed
in California. In 2010, landings decreased drastically
from last year’s high of 2,133 t to 18 t. The landings
generated an ex-vessel value of $14,373. No landings
of Pacific bonito were reported from Oregon or Wash-
ington in 2010. The California recreational catch for
Pacific bonito in 2010 was 81 t (78,000 fish), a 45%
decrease from 2009. A total of 38,528 fish were landed
on CPFVs.
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Figure 4. California commercial market squid (Loligo opalescens) landings, 1981-2010.

California Market Squid

In 2010, market squid, Doryteuthis opalescens, (for-
merly Loligo opalescens) dominated commercial land-
ings of marine species in California, contributing about
66% of the total tonnage and 41% of total ex-vessel
value of all species landed. Landings of market squid in
2010 increased 45% of 2009 landings, from 93,106 t to
129,904 t (fig. 4). Ex-vessel value increased 30% from
$56.9 million in 2009 to $73.8 million in 2010. Cali-
fornia fish businesses exported 92,559 t of market squid
to 42 countries for a value of $107 million in 2010.The
majority (90%) was shipped to just five countries but
most (76%) went to China.

For the first time since the inception of the Market
Squid Fishery Management Plan in 2005, market squid
landings were projected to reach the seasonal catch limit
of 107,048 metric tons (t). Accordingly, the Department
of Fish and Game (Department) closed the fishery on 17
December 2010 for a total of 119,482 t landed for the
open portion of the 2010/2011 season.

Commercial fishing for market squid is limited by
fishery control rules set forth in the Market Squid Fish-
ery Management Plan.Vessels are required to have a per-
mit to possess or land over 1.8 t of squid, except when
fishing for them to use as live bait. Permits are valid for
the management season, from 1 April to 31 March the
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following year. In 2010, there were 83 market squid ves-
sel (purse seine), 60 light boat (attracting), and 26 brail
(or dip net) permits issued. Of the 83 vessel permits, 73
vessels were active in the fishery with 56 vessels contrib-
uting 95% of the landings. Other fishery control rules
include an annual catch limit, weekend closures, spatial
closures, and lighting restrictions.

Although the fishery has its historical origins in Mon-
terey Bay, the fishery has been dominated by the south-
ern California landings (fig. 5). Of note is the increase in
landings for Monterey, which has seen less than 1,000 t
in four of the last 5 seasons.

Market squid live less than a year and have been found
in nearshore waters of the eastern Pacific Ocean from
Baja California to the Gulf of Alaska. The population
appears to fluctuate widely in abundance in response
to short-term oceanographic events, like the El Nifio
Southern Oscillation. Ecologically, they are considered
important as forage for other species, including preda-
tory fishes, marine mammals, and seabirds.

A live bait fishery exists for market squid; however,
the amount of market squid harvested and the value of
the fishery is largely unknown, as there are no permitting
and reporting requirements. The live bait fishery is likely
a low-volume, high-value endeavor, as recreational anglers
are willing to pay up to $85 for a “scoop” of live squid.
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Ocean Salmon

Ocean salmon fisheries in California primarily target
Chinook salmon (Oncorhynchus tshawytscha). The reten-
tion of coho salmon (O. kisutch) has been prohibited in
the commercial and recreational fisheries since 1993 and
1996, respectively. Pink salmon (O. gorbuscha) are taken
occasionally in the fisheries, usually in odd years. Each
season, the Council and the Commission regulate Cali-
fornia’s ocean salmon fisheries to meet the conservation
objectives for Klamath River fall Chinook and Sacra-
mento River fall Chinook (SRFC) stocks as described in
the Salmon Fishery Management Plan (FMP). In addi-
tion, the fisheries must meet the NMFS Endangered
Species Act (ESA) consultation standards for listed stocks,
including Sacramento River winter Chinook (endan-
gered), Central Valley spring Chinook (threatened), Cali-
fornia coastal Chinook (threatened), Central California
coast coho (endangered), and Southern Oregon/North-
ern California coho stocks (threatened).

In 2010, California ocean salmon fisheries were con-
strained to satisfy both NMES and the Council’s guid-
ance to target the upper end of the FMP conservation
goal range of 122,000—180,000 hatchery and natural
adult SRFC spawners. In 2009, SRFC failed to meet its
conservation goal for the third consecutive year, thereby
trigging an Overfishing Concern under the terms of the
FMP. SRFC generally contribute 80-90% of California’s
ocean salmon landings.

In 2010, the commercial ocean salmon fishery was
opened for the first time since 2007. The commercial
season was open for 8 days in July from Horse Moun-
tain to the U.S. Mexico border. Additionally the Fort
Bragg area had two quota fisheries, one at the end of
July (18,000 Chinook quota) and one in August (9,375
Chinook quota), for a season total of 70 days (days open
in each of four management areas combined).

An estimated 15,100 Chinook salmon (103 t) were
landed during the 2010 commercial season (fig. 6). The
average weight per fish was 6.85 kg (15.10 Ibs). The aver-
age price was $12.00/kg ($5.50/1b), the highest nominal
price on record. The total ex-vessel value of the fishery
in 2010 was estimated to be $1.2 million. Total commer-
cial effort was estimated to be 2,000 days fished in 2010.
The Fort Bragg quota fisheries did not reach the quota
allotments and remained open for the entire length of
the fishery.

In 2010, the recreational fishing season increased sig-
nificantly compared to the 10 day fishery in 2009, for
a season total of 500 days (days open in each of four
management areas combined). An estimated 14,700 Chi-
nook were landed in 2010 compared to 700 salmon in
2009 (fig. 7). There were an estimated 48,800 angler
days in 2010 compared to 5,400 angler days in 2009.
The bag and possession limit was two salmon per day
of any species except coho, and anglers were required to
use no more than two single-point, single-shank barb-
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Figure 6. California commercial landings of Chinook (Oncorhynchus tshawytscha) and coho (O. kisutch) salmon, 1980-2010.
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Figure 7. California recreational landings of Chinook and coho salmon, 1980-2010.

less hooks when fishing for salmon. The minimum size
limit was 20 inches (508 mm) total length (TL) in April
and increased to 24 inches (610 mm) TL in May, to pro-
tect the generally smaller-sized endangered winter run
Chinook. Approximately 200 coho were landed illegally
during 2010, presumably by anglers who misidentified
their salmon as Chinook.

In fall 2010, SRFC met the lower range of the con-
servation goal of 122,000-180,000 hatchery and natu-
ral adult spawners for the first time since 2006. Nearly
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125,400 SRFC adults returned to spawn in the Sacra-
mento River basin. A total of 27,500 jacks (age-2 fish)
returned. Based on these data, the Sacramento Index of
ocean abundance forecast for 2011 is 729,900 SRFC,
without any additional ocean or in-river fishing.

In April 2011, the Council and Commission approved
substantial recreational and commercial salmon fisheries
oft' California and southern Oregon. The SRFC con-
servation goal, and the 2011 NMFS guidance to tar-
get the upper end of the conservation goal, is satisfied
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Figure 8. California commercial landings of total groundfish by all gears, 1998-2010.

by the adopted season structures. For more information
on the 2011 fisheries, see the Council’s Web site (www.
pcouncil.org) “Preseason Report III, Analysis of Council
Adopted Management Measures for 2011 Ocean Salmon
Fisheries,” which was compiled by the Council’s Salmon
Technical Team and Council staff.

Groundfish

More than 90 species of bottom-dwelling marine fin-
fish are included in the federally-managed groundtfish
fishery. The species that comprise the groundfish fish-
ery are diverse and complex; their primary distributions
range from nearshore depths to deep offshore habitats.
“Groundfish” species include all rockfishes in the Scor-
paenidae family, flatfishes such as Dover sole (Microstomus
pacificus) and petrale sole (Eopsetta jordani), roundfishes
such as sablefish (Anoplopoma fimbria) and lingcod (Ophi-
odon elongatus), and various sharks and skates. Of the
90+ groundfish species, approximately 50 are consis-
tently harvested and require management measures that
balance biological and economical goals.

Commercial Fishery. In 2010, 9,960 t of commer-
cial groundfish were landed in California with an esti-
mated ex-vessel value of $20.8 million. Compared to
the 2009 fishing year, this was an overall decline of 3%
of the landings (10,191 t) and a 4% increase of the ex-
vessel value ($19.9 million). During the last decade, the
volume of landed groundfish has declined by 45% when
the current 2010 landings are compared to the 2000
landings (16,561 t). Conversely, the ex-vessel value of the
groundfish fishery experienced some downward fluc-
tuation but continued to increase in total value despite
lower landings (fig. 8). The area from the California/
Oregon border to the Monterey Bay port complex
accounted for 85% (8,503 t) of the groundfish landed
in California and 63% of the ex-vessel value ($13.3 mil-
lion). The groundfish fishery primarily operates using

trawl gear, accounting for 77% of the landings, followed
by hook-and-line and trap gear (23%). Gill net and sein-
ing gear comprise the remainder. Dover sole (2,622 t),
sablefish (2,449 t), Pacific whiting (Merluccius productus)
(2,427 t), and the thornyhead complex—Sebastolobus
altivelis (552 t) and Sebastolobus alascanus (474 t)—contin-
ued to dominate as the top five species landed in 2010.
These five species comprised 85% of the total ground-
fish landings. Collectively, the flatfishes accounted for
31%, roundfishes 50%, the thornyhead complex 10%
and rockfishes 8% of the total landed groundfish. The
“other” groundfish species category is 99.9% com-
prised of grenadier (Macrouridae) which accounted for
95 t (table 3). Contrary to high-volume high-priced
species such as sablefish, nearshore rockfishes are gen-
erally a low-volume high-priced commodity in Califor-
nia—gopher rockfish (Sebastes carnatus), brown rockfish
(Sebastes auriculatus) and grass rockfish (Sebates rastrelliger)
earned a combined ex-vessel value of $991,697, and 28
t, 27 t and 12 t were landed respectively. The highest
volume rockfish was chilipepper (Sebastes goodei) with
342 t landed and an ex-vessel value of $457,029. Over
the last decade, management measures such as limiting
access and restricting landings have been used to pro-
tect vulnerable nearshore rockfish stocks. This limita-
tion on the fishery, in addition to the live fish market
that developed in the late 1980s and continues to thrive
today, contributes to the high market value of the near-
shore fishery. In 2010, grass rockfish earned an average
of $19,341/t followed by China rockfish ($16,274/t)
and gopher rockfish ($14,618/t). By contrast, chilipep-
per earned an average of $1,903/t.

Opverfished rockfish species accounted for less than
1% (32 t) of the total landings in 2010 which is less
than 2009 when 1% (57 t) were taken; the predominant
species taken was widow rockfish (Sebastes entomelas) in
both years.
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TABLE 3

California commercial groundfish landings (in metric tons) and ex-vessel value in 2010 with comparisons to 2009.
The top five species by weight for the Flatfishes and Rockfishes are represented in the table.

2010 2009 % change % change
Harvest Value Harvest Value from 2009 from 2009
(©) (%) (©) (%) (©) %)
Flatfishes
Dover sole 2,622 $1,798,113 3,167 $2,571,883 -17 =30
Petrale sole 213 $557,412 532 $1,146,206 —60 51
Arrowtooth flounder 68 $14,921 45 $10,132 51 47
Sanddabs 56 $91,722 107 $115,136 —48 —20
Rex sole 55 $43,385 107 $84,897 —49 —49
English sole 24 $21,091 73 $55,414 —67 —62
Other flatfishes 33 $60,601 37 $54,239 11 12
Total Flatfishes 3,071 $2,587,246 4,069 $4,037,907 25 _36
Rockfishes
Chilipepper 342 $457,029 241 $329,784 42 39
Blackgill rockfish 96 $247,963 95 $257,122 1 —4
Group slope rockfish 78 $108,166 75 $102,651 4 5
Splitnose rockfish 64 $48,403 57 $46,065 12 5
Black rockfish 53 $219,347 94 $398,010 —44 —45
Gopher rockfish 28 $412,792 24 $372,535 17 11
Other rockfishes 88 $982,306 143 $1,164,564 -38 -16
Overfished species
Bocaccio 4 $9,299 6 $15,476 -33 —40
Canary rockfish 0.44 $637 1.1 $1,437 —60 56
Cowcod 0.03 $132 0.06 $588 =50 -78
Darkblotched rockfish 17 $21,750 46 $59,366 —63 —63
Pacific ocean perch 0.04 $47 0.78 $771 -95 -94
Widow rockfish 10 $8,937 4.04 $6,288 148 42
Yelloweye rockfish 0 $8 0.04 $303 — —
Total Rockfishes 781 $2,516,817 787 $2,754,961 -1 -9
Roundfishes
Sablefish 2,449 $11,501,299 2,249 9,782,141 9 18
Pacific whiting 2,427 $694,248 1,792 206,193 35 237
Lingcod 47 $173,276 57 187,842 -18 -8
Cabezon 23 $266,032 18 231,421 28 15
Kelp greenling 2 $22,154 1 19,973 100 11
Total Roundfishes 4,947 $12,657,009 4,117 $10,427,570 20 21
Scorpionfish, California 3 $26,734 3 $29,669 0 -10
Sharks & Skates 35 $28,834 117 $83,478 =70 —65
Thornyheads 1,026 $2,957,617 1,027 $2,612,205 0 13
Other Groundfish 95 $44,453 71 $29,474 34 51
Total Groundfish 9,960 $20,818,711 10,191 $19,975,264 ) 1

Data Source: CFIS (CMASTR) Extraction Date: 05-12-2011

Recreational Fishery. The Recreational Fisheries
Information Network (RecFIN) Program houses rec-
reational data from California, Oregon, and Washington.
The California data, available from 1980 to the pres-
ent, provide the best available information regarding
recreational catch oft California. RecFIN incorporates
data from two recreational fishery sampling programs:
the Marine Recreational Fisheries Statistical Survey
(MRESS), which sampled catch from 1980 to 2003;
and the CREFS, initiated by the Department in 2004.
Due to modifications in sampling protocols and differ-
ences in data estimation procedures, these two surveys
are not directly comparable to each other. Information
from CRFS indicates that in 2010, California anglers tar-
geting groundfish participated in an estimated 1,074,000
angler trips. This is a 6% increase from 2009 (1,005,000
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angler trips) and a 26% increase from 2008 (805,000
angler trips). The recreational groundfish fishery in Cali-
fornia is predominantly a hook and line fishery with lit-
tle being taken by spear.

An estimated 1,067 t of groundfish were taken by
the recreational fishery in 2010 (table 4),a 15% decrease
from 2009 (1,250 t) but an 11% increase from 2008
(945 t). The top five species were: black and vermil-
ion rockfishes, lingcod, and gopher and brown rock-
fishes, accounting for approximately 51% of the total
groundfish estimated catch by weight. The same five spe-
cies dominated catches in 2009, accounting for 49% of’
the total weight. In 2010, 33% of the groundfish effort
occurred in southern California (south of Point Con-
ception), with California scorpionfish (Scorpaena guttata)
and Pacific sanddab (Citharichthys sordidus) dominating
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Figure 9. California commercial landings of petrale sole (Eopsetta jordani) by all gears, 1969-2010.

TABLE 4
California recreational groundfish landings (A+B1) greater
than 5 metric tons in 2010 with 2009 comparisons

2010 2009 % Change
Harvest (t) Harvest (t) from 2009

Black rockfish 180 243 —26
Vermilion rockfish 139 130 7
Lingcod 94 128 27
Gopher rockfish 76 57 33
Brown rockfish 69 60 15
CA scorpionfish 63 66 -5
Bocaccio 57 46 24
Copper rockfish 48 60 -20
Blue rockfish 46 45 2
Pacific sanddab 43 28 54
Leopard shark 35 35 0
Yellowtail rockfish 24 49 —51
Cabezon 24 32 -25
CA sheephead 20 32 -38
Starry rockfish 19 24 21
China rockfish 17 20 -15
Canary rockfish 13 15 —-13
Olive rockfish 12 24 =50
Greenspotted rockfish 1 15 27
Black-and-yellow rockfish 11 12 -8
Kelp greenling 10 15 -33
Speckled rockfish 7 7 0
Kelp rockfish 6 4 50
Grass rockfish 6 9 -33
Other rockfishes 30 41 —27
Total Groundfish 1,067 1,250 -15
Angler Trips

Bottomfish Effort 1,074,000 1,005,000 5

Rockfish species of concern including yelloweye rockfish (1.3 t), cowcod
(0.03 t) are included in the “Other” category.

Data source: RecFIN Date Extracted: 6-3-2011

the catch. Central California (Point Conception to Cape
Mendocino) accounted for 50% of the total ground-
fish effort and was dominated by vermilion, gopher
and brown rockfishes. Lastly, northern California (Point

Mendocino to the California Oregon border) accounted
for 18% of the estimated catch; the majority was black
rockfish followed by moderate amounts of lingcod and
vermilion rockfish.

Detrale Sole Fishery. Petrale sole is a larger flatfish
and among the most valuable commercial flatfish found
throughout the state of California. Petrale sole land-
ings have been documented in California as far back as
the late 1800s but were only officially recorded by the
Department since 1969 (fig. 9). Over the last decade,
petrale sole had an average ex-vessel value of $1.3 mil-
lion annually followed by a drop in 2010 (due to regu-
lation changes—see below) with an ex-vessel value of
$557,411. It is primarily a trawl-caught species and the
fishery is characterized by a strong winter and summer
seasonality. During winter months, petrale sole aggregate
in deep water for spawning and the trawl fleet harvests
greater volume with less catch of associated groundfish
species (such as chilipepper). Conversely, during spring
and summer petrale sole are found in shallower water
spread out over the continental shelf where they are har-
vested with a large mixture of slope rockfish species. It is
commonly caught with sablefish, Dover sole and other
flatfishes throughout the year.

In the recreational fishery, petrale sole is not a targeted
species but is taken while prosecuting other species. An
evaluation of both MREFSS and CRFS data suggests that
since 1980 estimated annual recreational catch of petrale
sole averaged 43 t.

Petrale Sole Stock Assessment and Management.
Because of the economic and biological importance of
petrale sole, periodic stock assessments are conducted. In
2009, the Council adopted a new full stock assessment
for the stock along the Pacific West Coast of Washington,
Oregon and California. The assessment indicated the stock
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Figure 10. California landings (round weight) of swordfish by gear type 1969-2010.

was at 11.6% of its unfished biomass and officially “over-
fished” (under the NMES newly revised threshold refer-
ence point for flatfish at 12.5% of unfished biomass.) This
prompted the Council to recommend immediate action
to decrease the fishing pressure on petrale sole in the
2010 season by limiting access to winter fishing grounds
and reducing trip limits. These restrictions led to the
60% decrease in petrale sole landings and 51% decrease
in ex-vessel value from 2009 to 2010.To offset this lost
opportunity, the Council also recommended increased
harvest amounts for other species of healthy groundtfish
such as sablefish, longspine and shortspine thornyheads,
slope rockfishes and Dover sole. Stocks declared over-
fished have been given a standard of 10 years to rebuild
and require strict management measures in both state and
federal waters, including strict annual catch limits. Because
petrale sole grow quickly and reach maturity at a young
age the recommended management changes lead to a pro-
jection of petrale sole to be rebuilt by 2016, well within
the 10 year goal. In addition, the NMES implemented the
Shorebased Individual Fishing Quota program in early
2011, which is expected to keep landings of petrale sole
(and all other groundfish trawl species) within the trawl
allocation limits that have been established.

Highly Migratory Species

Swordfish. Swordfish (Xiphias gladius) is the most
valuable highly migratory species (HMS) taken in Cal-
ifornia, in both price-per-kilogram and total revenue;
most landings take place in California. In 2010, 367 t of
swordfish with an ex-vessel value of $2.2 million were
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landed in California, a 10% decline from landings in
2009 of 407 t. For 2010, 10% were taken by harpoon
gear, 16% were taken by drift gill net gear, and 74% were
taken by hook and line gears (mostly Hawaiian vessels
fishing outside the Exclusive Economic Zone). Sword-
fish landings have been affected dramatically by the gear
used and management measures implemented over the
decades. The 1970s were dominated by harpoon, the
1980s and 1990s by drift gill net gear, and the 2000s by
longline gear (fig. 10). Revenues for swordfish peaked
in 2000 at $11.3 million and have varied with manage-
ment measure and gear type. Generally, annual revenues
have averaged about $800,000 for harpoon, $3.2 million
for drift gill net, and $2.2 million for longline since the
fisheries started (fig. 11).

In 2010, the Council decided to change regulations
involving the possession and landing of incidentally
caught swordfish in the deep-set tuna longline fishery
off the West Coast. Formerly, only 10 swordfish were
allowed to be retained; the regulation change would
allow a 10 fish trip limit if fishing with J-hooks, a 25
fish trip limit if fishing with circle hooks, and no limit
if the vessel were carrying an observer. These regu-
lation changes are more consistent with those in the
Hawaiian deep-set tuna fishery, and came into effect
in April 2011.

Recreationally caught swordfish are an extremely rare
occurrence along the West Coast. Since 2003, swordfish
have only been caught recreationally in California in
2007; none were recorded in 2010.

Albacore. Albacore (Thunnus alalunga) is the most
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Figure 11.  Annual ex-vessel revenue of CA swordfish by gear type 1969-2010.

abundant tuna caught in commercial fisheries and recre-
ational fisheries in California and along the West Coast.
In the commercial fishery albacore are caught primar-
ily using hook and line gear (jigs, bait, or trolling), but
they are also taken in drift gill nets or purse seines. Along
the entire West Coast 11,855 t were landed in 2010, a
decrease of 4% coastwide from 2009, when 12,307 t
were landed. However, California landings nearly dou-
bled from last year at 742 t. In 2010 the ex-vessel value
in California was $1.8 million with a price-per-kilogram
of $2.42/kg ($1.10/1b), a few cents lower than the coast-
wide average. Albacore was the only HMS to be landed
in Oregon (4,854 t) and Washington (6,259 t), although
in volume it made up 90% of all HMS landed on the
West Coast.

Estimates from RecFIN indicate that anglers landed
about 10,000 albacore in California, out of 80,000
caught coastwide, mostly in the private/rental boat mode;
38,000 were taken in Oregon and 32,000 in Washington.

Yellowfin Tuna. Landings of yellowfin tuna (Thun-
nus albacares) declined further over 2009’ low of 45 t to
less than 1 ton landed in 2010, with an ex-vessel value of
$6,861; however the price-per-kilogram was $9.04, pre-
sumably because of scarcity, as compared with $1.11/kg
in 2009. All yellowfin was landed in California by long-
line gear. About 18 t of fresh yellowtail was exported to
Canada and Thailand. CPFV logbooks reported anglers
caught 30,961 yellowfin tuna in 2010, with 85% of those
fish taken in Mexican waters; this is a 64% drop from
87,064 fish reported in 2009.

Skipjack Tuna. Commercial landings of skipjack
tuna (Kastuwonus pelamis) in 2010 cannot be reported
due to confidentiality requirements and there were no
exports. There were 5 t landed in 2009. No skipjack tuna
were sampled in 2010 by RecFIN, although California

CPFV logs reported 318 fish taken, 98% of which were
caught on trips to Mexican waters. This is a 96% drop
from 2009, when nearly 7,000 skipjack were taken by
CPFV anglers (78% from Mexico).

Bluefin Tuna. Commercial landings of bluefin tuna
(Thunnus thynnus) also sharply declined in 2010 with only
1 tlanded in California. Landings in 2009 had been a five
year high at nearly 500 t coastwide (415 t in California
and 75 t in Oregon). Ex-vessel price increased to $4.38/
kg in 2010, from 1.54/kg in 2009. Nearly all of bluefin
caught in 2010 was taken in drift gill nets, in compari-
son to 2009, when most of the landings came from purse
seine gear. Three tons of frozen bluefin tuna was exported
to Canada. RecFIN estimates sport anglers took only 20
bluefin tuna in 2010, whereas in 2009 almost ten times as
many were landed. CPFV logs report about 8,173 blue-
fin taken in 2010, with 95% of that occurring in Mexi-
can waters, declining 32% from 2009, when anglers took
12,037 fish (78% from Mexican waters).

Commeon Thresher Shark. Common thresher shark
(Alopias vulpinus) is the most common and most valu-
able shark taken in HMS fisheries. As in 2009, 90% of
commercially-caught thresher shark was taken in gill net
fisheries in 2010. Landings of common thresher shark
declined by 11% from 107 t in 2009 to 95 t in 2010. Ex-
vessel value was $154,835 at an average of $2.77/kilo-
gram dressed weight ($1.26/1b), decreasing from $3.14/
kg ($1.43/1b) in 2009. California CPFV logs reported 70
threshers caught. RecFIN landings, which include pri-
vate boats, estimate anglers landed about 1300 thresher
sharks in California (less than 10 in Oregon); a decrease
from the estimated 2000 last year.

Shortfin Mako Shark. Shortfin mako shark (Isurus
oxyrhincus) is the second most common shark landed in
California HMS fisheries; 87% of were taken by gill net
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Figure 12. California commercial Dungeness crab (Metacarcinus magister) landings, 1915-16 to 2009-10.

gear in 2010, with 13% taken by hook and line gear.
Mako shark landings decreased 29% from 2009’ landings
of 30 t to 21 t in 2010. Ex-vessel revenue was $35,565,
with an average price-per-kilogram of $2.44 ($1.11/1b)
dressed weight, a slight decrease from $2.64/kg ($1.20/
Ib) in 2009. CPFV logs reported 268 mako sharks taken
in 2010, a decrease of 26% from 359 in 2009, while R ec-
FIN estimated 361 taken by primarily private vessels.

Dorado (dolphinfish). Commercial landings of
dorado (Coryphaena hippurus) increased to 3.7 t in 2010,
more than five times the amount landed in 2009. The
ex-vessel revenue was $15,851, at $4.73/kg, 24% less
than 2009’s price-per-kilogram of $6.25/kg. In contrast,
CPFV logs recorded a decrease in landings in 2010, with
1,317 fish landed, only 7% of the previous year when
anglers took 18,981 fish; 86% of dorado taken by CPFVs
in 2010 were from Mexican waters.

HMS Management. In light of the Magnusson Act
Reauthorization, the Council approved Amendment 2
to the Highly Migratory Species Fishery Management
Plan (HMS FMP) on Annual Catch Limits for HMS.
As part of this decision, management unit species were
redefined as albacore tuna, bigeye tuna, skipjack tuna,
bluefin tuna, yellowfin tuna, striped marlin, swordfish,
blue shark, common thresher shark, shortfin mako shark
and dorado. Bigeye thresher shark and pelagic thresher
sharks were moved from management unit species to
ecosystem component species, that is, species which are
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occasionally incidentally caught, but either in limited
amounts or seldom retained. These also included com-
mon mola, escolar, lancetfishes, louvar, pelagic stingray,
and wahoo.The Council included language: 1) to apply
the international exception to all management species
(i.e., to be managed according to measures of interna-
tional Regional Fishery Management Organizations);
2) on the need to coordinate with the Western Pacific
Fishery Management Council as to lead roles for par-
ticular species; 3) that estimates of maximum sustainable
yield (MSY) and optimum yield (OY) can be adjusted
as new data become available, but in the interim will be
used as currently described in the FMP,

Dungeness Crab

The fishery for Dungeness crab, Metacarcinus magister,
(formerly Cancer magister) is highly cyclical and spans
the West Coast of North America from Alaska to Point
Conception, California. California commercial landings
of Dungeness crab for the 200910 season totaled 7,789
t, more than double the catch of the 2008—09 season,
and just above both the 10-season and 50-season moving
averages of 6,288 t and 4,535 t, respectively (fig. 12). The
2009-10 season marked the beginning of an upturn in
the catch cycle from a low of 2,807 t the previous sea-
son. The average price paid to fishermen was $4.39/kg
($1.99/1b) resulting in a total ex-vessel value of $34.2
million.Value increased by 133% from the previous sea-
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son, which was worth an estimated $14.7 million. The
rate of increase in landings and value over the previ-
ous season was relatively even between the two fishing
regions of northern and central California. During the
past decade, northern California landings have averaged
three times the amount of central California catches,
with the regional boundary at the Sonoma/Mendocino
county line. Initial data from the first six weeks of the
2010-11 season ending on Dec 31,2010, indicate a dra-
matic and unprecedented shift in catch to the central
coast, with 6,145 t landed in central California out of a
statewide total of 8,187 t, already exceeding the previ-
ous season’s total catch.

Dungeness crab is one of California’s largest and most
valuable commercial fisheries, managed through the state
legislature, and is also the basis of a robust sport fish-
ery, managed through the Commission. The commercial
fishery regulations are comprised of size, sex and seasonal
restrictions, along with restricted access to the fishery.
Only male crabs larger than 159 mm (6.25 in) carapace
width are harvested commercially. The minimum size
limit is designed to protect sexually mature male crabs
from harvest for at least one season. This provision seems
successful because studies have shown that, despite the
presumption that nearly all legal sized male crabs are har-
vested each season, most sexually mature female crabs
are fertilized each year. The central California season,
south of the Mendocino/Sonoma County line, begins
15 November and ends 30 June. The northern Califor-
nia season, north of the line, conditionally begins on 1
December and ends 15 July. The timing of the seasons
avoids the portion of the lifecycle when most crabs are
molting or soft-shelled, and thus vulnerable to predation
and handling mortality.

Mature males molt annually in the summer and then
begin gaining weight in their new shells. The timing
of this molt varies, but the 1 December fishery open-
ing along most of the West Coast usually results in ade-
quately filled out crab reaching the popular holiday
markets. However, commencing in the 1995-96 season
the state legislature authorized an industry-funded pre-
season crab quality test to ensure crab are ready for har-
vest on the target opening date. The test is conducted in
concert with tests in Washington and Oregon. The states
then mutually agree, through the Tri-state Crab Com-
mittee, on whether to delay the opening of the season
in order to let the crabs accumulate more body meat
weight. Thus far, only the 2005-06 northern California
season has been delayed via this process. The 2010-11
season was delayed unofficially until December 10, north
of Sonoma County, by mutual agreement of fishermen
and processors, but not by action of the state agencies.
Central California coast crab typically molt earlier than
northern crab, and the area is not included in the test-

ing procedure or subject to opening delays. In case of a
northern season delay, “fair start” statutes mandate that
anyone fishing in the central area must wait 30-days
after the delayed northern season opener to fish in those
northern waters.

The sport fishery is mainly controlled through size,
season, and bag limit regulations. The minimum size for
sport fishing is 146 mm (5.75 in) and, unlike the com-
mercial fishery, the take is not legally limited to male
crabs. The daily bag limit and possession limit is ten
crabs. Sport fishers on CPFVs, a growing trend in the
last decade, are generally subject to the same regulations,
except that when fishing from Sonoma County and
south, the bag limit is reduced to six and the size limit
is 152 mm (6.0 in). In November 2009, the CRFS began
sampling Dungeness crab sport fishing from shore and
private, rental and CPFV vessels. CRFS estimated that
for the 2009-10 recreational season, 365,000 Dungeness
crabs were caught—mostly using vessels. This represents
less than 250 t based on an estimated weight of 0.68 kg
(1.5 Ib) per crab, or about 3% of the commercial catch
during this time period.

Of the approximately 585 vessels with a 2010 com-
mercial Dungeness Crab Vessel Permit, 397 boats made at
least one landing in the 2009-10 season. The Dungeness
crab fishery can be characterized as a derby-type fishery
where much of the total catch is caught in a relatively
short period of time at the beginning of the season. For
example, in the 2009-10 season, 80% of the statewide
catch was landed by 1 January—only six weeks after the
northern season opened in central California. There is
no limit to the number of traps a vessel may fish or the
frequency with which they are fished, and no reliable
estimates of either effort level. As the groundfish indus-
try has declined, larger multipurpose vessels have devoted
more effort to Dungeness crab. According to a 2003 Cal-
COFI report based on a fisherman survey, there were at
least 172,000 traps being fished in California during the
2001-2002 season. In Oregon’s comparable Dungeness
crab fishery, the estimated number of traps soared from
150,000 in 2002 to 200,000 in 2005 before implementa-
tion of a trap limit program. Complaints of overcrowded
fishing grounds, in central California in particular, have
escalated in recent years.

Concerns over effort in terms of crab traps, deployed
in both central and northern California, led to multi-
ple unsuccessful legislative attempts by California fish-
ermen to create a trap limit program for their district.
Failures to reform the fishery in the past were generally
attributed to lack of agreement between fishermen in
the two regions. In 2008, a small group of crab fisher-
men, with assistance from an environmental non-profit
organization, prompted the passage of legislation which
mandated the formation of a Dungeness Crab Task Force
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Figure 13. California commercial spiny lobster (Panulirus interruptus) landings by weight, 1916-2010.

(DCTF) comprised of commercial and sport fishing rep-
resentatives along with non-governmental and govern-
ment agency advisors. A total of 24 recommendations
and five objectives were included in two final reports
produced by the Task Force in January 2010. Recom-
mendations included support for controlling total allow-
able commercial effort, defining latent permits, putting
special restrictions on latent permits, defining vessel size
expansion, preventing permit transfers to fish proces-
sors, continuing current management schemes (size, sex,
season), and—most notably—a strong recommendation
for an industry funded, statewide, tiered trap limit pro-
gram. As of May 2011, a bill extending the existence of
the DCTF and creating a trap limit program was mov-
ing forward through the legislative process.

California Spiny Lobster

A total of 319 t the California spiny lobster (Panuli-
rus interruptus) was commercially landed in 2010,a 1 ¢t
less than in 2009 (fig. 13). While substantially lower than
the recent peak of 403 t in 2006, the 2010 landing total
continues a trend of 300 t, or more, lobsters landed per
calendar year since 2000. The 2010 ex-vessel value of
the lobster fishery was $11.13 million, up from the $7.89
million in 2009, and greatly surpassing the previous high
of $8.06 million set in 2006.

The commercial and recreational seasons for harvest-
ing California spiny lobster begin in late September and
extend to the middle of March. Essential commercial
fishery information is collected using fishermen log-
books and dealer landing receipts. Logbooks record
location and date of catch, number of traps pulled, and
number of lobster kept and released. Landing receipts
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record catch location, size of catch in pounds, and the
price paid per pound. The recreational season is moni-
tored through the use of a lobster report card introduced
at the beginning of the 2008—09 recreational season and
from data collected by California Recreational Fisher-
ies Survey samplers.

The commercial lobster fishery is managed by a
restricted access program. In 2010, there were 200 lob-
ster operator permits and three-quarters of those per-
mits are transferable. Since April 1, 2008, there have been
no restrictions on the number of transferable permits
that can be transferred. Seventeen permit transfers took
place in calendar year 2010. In the 2009-10 season, the
number of active fishermen numbered 152, almost equal
to the 151 fishermen that were active during 2008-09.

Currently, there are no limits on the amount of lob-
ster that permittees can land or the number of traps they
can use. Traps are generally set along depth contours in
the vicinity of kelp beds along the mainland and at all
the Channel Islands. Typically, between 100 and 300 traps
are set at a time although operators with larger boats
or a crewmember may set more. Soak times in 2009—
10 averaged three days. The total number of trap pulls
in the 2009-10 season is estimated at 859,000 result-
ing in a catch of approximately 1.7 million lobsters, of
which 28% were retained which translates to a prelimi-
nary landing weight of approximately 319 t. The land-
ing weight of the 2008—09 season was higher than that
of the 2009—-10 season at 330 t.

The median ex-vessel price for the 2009—10 season
was $26.46/kg ($12.00/1b). The median ex-vessel price
for the 2010 calendar year, however, jumped to $35.27/
kg ($16.00/1b) due to a dramatic increase in price paid
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for lobster that began with the arrival of the 2010-
11 season. The ex-vessel price ranged from $17.64/kg
($8.00/1b) to $37.48/kg ($17.00/1b) for the 2009-10
season and from $17.64/kg ($8.00/1b) to $40.79/kg
($18.50/1b) for the 2010 calendar year. The ex-vessel
value of the 2009-10 lobster season was $9 million. Point
Loma landings had the highest ex-vessel value at $1.39
million representing 15% of the total season value.

Recreational fishermen are allowed to catch lobster
by hand when snorkeling or scuba diving, or by using
baited hoop nets. Up to five baited hoop nets per per-
son, with a maximum of ten hoop nets per boat, can be
used. There is a daily bag and possession limit of seven
lobsters per fisherman. In both the recreational fishery
as well as the commercial fishery, lobsters must exceed
a carapace length of 82.6 mm (3.25 in) to be kept. A
1992 Department creel survey involving four sites in San
Diego and Ventura counties during the first two week-
ends of the season revealed that approximately 80% of
the interviewed lobster fishermen used scuba gear to
catch lobsters; 20% used hoop nets. A 2007 creel survey
was conducted at the same 1992 survey sites during the
first 10 weeks of the 2007-08 lobster season. Using data
from the first two weekends, this creel survey found the
opposite: approximately 80% of the fishermen used hoop
nets while only 20% used scuba gear. Recent years have
seen the introduction of a more efficient hoop net into
the fishery which a Department study showed can catch
57% more lobster than a traditional hoop net with the
same effort.

A lobster report card, which is issued for the calen-
dar year like the annual fishing license, was introduced
in fall 2008. Fisherman fishing for lobster are to record
the time, location, gear, and retained catch, if any, by
trip. There were approximately 27,500 cards sold in
2008, 31,000 cards sold in 2009, and 29,000 cards sold
in 2010.These numbers estimate the potential extent of
recreational fishery effort; however there is an additional
and unquantified population of poachers retaining lob-
sters illegally. The return rate of cards has precipitously
fallen—from 22% of 2008 cards, to 14% of 2009 cards,
to 11% of 2010 cards. Due to low return rates of cards,
certain assumptions are made by the Department and
the true ratio of hoopnetters to divers remains unknown
although some constants can be seen in the first few
years of report card data. The % of returned report cards
indicate that lobster fishing effort has remained at about
86%.The % of fishing trips that caught zero lobsters has
remained fairly constant at 36—40%. The mean number
of trips per card has fluctuated from 4.4 trips per card
in 2008, to 5.3 trips per card in 2009, and 5.1 trips per
card in 2010. Catch per trip and catch per card have
remained constant. From 2008-2010, catch per trip only
varied from 2.1 to 2.2 lobsters per trip. During the same

time period, catch per card has varied from 9.1 lobsters
in 2008, to 11.6 lobsters in 2009, to 10.5 lobsters per
card in 2010.

Department biologists extrapolated the available
report card data to obtain estimates of the 24,000 lob-
ster fishermen that actually fished in 2008, the 26,500
that fished in 2009, and the 25,000 that fished in 2010.
An estimated 219,300 lobsters were retained in 2008,
308,400 in 2009, and 262,100 in 2010 by the recre-
ational fishery. Department creel survey data indicates
that a legal sized (83 mm) lobster weighs on average 0.59
kg (1.3 Ibs), allowing a total retained weight of the rec-
reational catch to be estimated. For 2008, total retained
catch was estimated at 129 t (285,000 lbs), 2009 total
retained catch was estimated at 182 t (401,000 Ibs), and
2010 total retained catch was estimated at 155 t (341,000
Ibs). The recreational fishery landed an amount of lob-
sters equal to 39% of commercial landings in 2008, 57%
of the commercial total in 2009, and 49% of the com-
mercial total in 2010. The establishment of the lobster
report card has allowed the Department to estimate the
size of the recreational fishery and to determine that it
is indeed a significant portion of the total lobster har-
vest in California.

In 2009, spiny lobster were identified within the
Department as a high-priority for the development of
a fishery management plan (FMP). As an early part of
the FMP process, a stock assessment was initiated. First,
data sources were identified and evaluated for use in the
effort. Since there is currently no fishery-independent
index of abundance for spiny lobster north of the Mex-
ican border that covers the full range of the stock, an
effort was made to concentrate on data sets that cover
the entire Southern California Bight. The Department
digitized over 20 years of commercial logbook informa-
tion as well as the newly introduced recreational lobster
report cards. Data entry occurred in parallel with the
stock assessment efforts that continue to this day. The
assessment effort initially concentrated on the develop-
ment of models and approaches that could provide ref-
erence points for the FMP, focusing primarily on using
a surplus production model (ASPIC). Preliminary steps
were also taken to develop size/age structure informa-
tion for use in more sophisticated approaches. Ultimately,
the ASPIC model failed with the datasets available. A
model based on Beverton and Holt invariant methods,
used to evaluate the Baja fishery, could provide valuable
information and reference points, and will be evaluated
in 2011.

Spot Prawn

Preliminary 2010 spot prawn (Pandalus platyceros)
landings were 110 t, a 14% decrease from 2009 (128 t)
(fig. 14). Market demand for spot prawn is high, and
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Figure 14. California spot prawn (Pandalus platyceros) landings, 1970-2010.

the decrease in landings is most likely due to the poor
weather and sea conditions that characterized 2010.The
spot prawn fishery originated in Monterey Bay as an
incidental catch in octopus traps. In 1974, a trawl fishery
targeting spot prawns developed off Santa Barbara. Until
2002, spot prawn were harvested by trawl and trap gear.
In 2003, the use of trawl gear for the take of spot prawn
was outlawed because of the bycatch of rockfish, par-
ticularly bocaccio, an overfished species. Consequently,
2003 spot prawn landings were the lowest since 1987
when trapping was just getting underway in southern
California. The annual trap harvest has averaged 122 t
since 2004, and appears to be sustainable.

Spot prawn is currently caught only with trap gear,
although a small amount shows up as bycatch in the
ridgeback prawn trawl fishery. Spot prawn traps are
required to be made of mesh with a minimum inside
measurement of 2.22 x 2.22 ¢m (7/8 X 7/8 in). The
traps may not exceed 1.8 m (6 ft) in any dimension.
The baited traps are fished in strings at depths of
174-302 m (95—-165 fathoms) along submarine can-
yons or shelf breaks. Each string consists of a ground-
line with anchors and a buoy at one or both ends,
and 10 to 30 traps attached. No other species may be
taken in a prawn trap, so all bycatch is returned to the
water immediately. Fishermen are required to fill out
a logbook.

A two-tiered restricted access trap vessel permit pro-
gram was initiated in 2002. Tier 1 permittees may use no
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more than 500 traps, unless fishing in state waters north
of Point Arguello where they are only allowed the use
of 300 traps.Tier 1 permits became transferable on April
1,2005, and there are currently 17 vessels in Tier 1. The
Tier 1 vessel permits are sold on the open market and
are the highest priced permit in California fisheries. The
Department receives a transfer fee of $50.00 when a per-
mit is transterred to the new vessel owner.

Tier 2 vessel permittees made a smaller number of
qualifying trap landings, and are limited to an annual
harvest quota of just over 2 t. Permittees may use no
more than 150 traps and the permits are non-transferable.
There are three Tier 2 vessels.

When the use of trawl gear for the take of spot prawn
was prohibited, the Commission directed the Depart-
ment to develop a conversion program for the trawl fleet.
A conversion program went into effect in 2005, which
allowed the owners of a dozen former spot prawn trawl
vessels to purchase Tier 3 spot prawn trap vessel permits
that year. Tier 3 permits have the same restrictions as Tier
1 permits with the major exception of the permits being
non-transferable. Eight Tier 3 vessels remain. In 2010, the
fee for the Tier 3 permit was $1,269.00, whereas both
Tier 1 and Tier 2 vessel permits were $317. Permits must
be renewed annually or they are lost.

In 2010, 19 trap permittees landed spot prawn. Four
of the 19 permittees fished north of Point Conception,
mainly in the vicinity of Monterey Bay Canyon. The
remaining 15 vessels fished in southern California, fre-
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Figure 15. California commercial landings of Kellet’s whelk (Kelletia kelletii), 1979-2010.

quently off one of the Channel Islands. This fishing pat-
tern has been stable for the past five years.

Fifteen of the 17 Tier 1 trappers landed 86% of the
catch, with each vessel landing an average of 6.3 t. All
three Tier 2 fishermen fished, and only one of the Tier
3 permittees went fishing. The other seven Tier 3 per-
mittees have not had the capital necessary to purchase a
vessel more suitable for trapping, or the necessary traps
and associated ground tackle. A 22.7 kg (50 lbs.) allow-
ance of spot prawn while trawling for ridgeback prawn
is still legal, but spot prawn may not be landed as bycatch
when trawling for pink shrimp.

Almost all spot prawn harvested is sold live, with ex-
vessel prices ranging from $22 to $31/kg ($10.00 to
$14.00/1b). Fresh dead spot prawn generally sells for half
the price of live. Most trap permittees have invested in
live tanks and chillers on their vessels to keep the prawns
in top condition for the live market. The trap fishery in
southern California (south of Point Arguello) is closed
from 1 November to 31 January to provide protection
for ovigerous females. North of Point Arguello, the spot
prawn trap season is closed from 1 May to 31 July, an
accommodation to prevent serious fishing gear conflicts
in the Monterey Bay area.

Kellet’s Whelk

Kellet’s whelk (Kelletia kelletii) supports a growing
commercial fishery, but is not important recreationally.
Commercial landings increased steadily from insignif-
icant levels in the early 1990s to nearly 80 t in 2006
(fig. 15). During the most recent five years, catches have
averaged 78.8 t. Landings in 2010 were 67.5 t with an
ex-vessel value of $117,000.

The Kellet’s whelk is a large predatory gastropod in
the family Buccinidae. Kellet’s whelk shells can reach
nearly 179 mm (7 inches) with conspicuous whorls,
conchlike in appearance and tan to white or green col-
oration. Whelks inhabit subtidal rocky substrates from
the intertidal to depths of 70 m.The historic distribution
of whelks extends from Isla Asuncion in Baja California,
Mexico to Point Conception north of Santa Barbara,
California. In the 1980s whelk expanded their historic
range when they were observed north of Point Concep-
tion in Monterey Bay, California.

Little is known about the population status of Kel-
let’s whelk. Several subtidal monitoring programs quan-
tifty whelks since they are large conspicuous snails. One
trend that has been quantified is that whelk in the his-
toric portion of their range in the Southern California
Bight are at higher densities than at the northern end of
the new range north of Point Conception. One study
found densities of adult whelk tenfold greater at sites
south of Point Conception compared with newly inhab-
ited sites north of Point Conception. Furthermore, sites
to the north lack small whelks in some years suggesting
there may be irregular recruitment.

The number of annual participants in the commercial
fishery has fluctuated around seventy individuals during
the past decade, following a steady increase in the 1990s.
The average whelk in the fishery weighing 150 g, which
equates to roughly 2.65 million whelk taken since 2006.
Whelk are commercially caught in southern California
incidentally in lobster and crab traps, and are also tar-
geted with a small dive fishery. In 2010, the dive fishery
landed just 1% of the catch. The peak year for the dive
fishery was 2003 when the fishery landed 8.4 t, account-
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Figure 16. California Kellet’s whelk (Kelletia kelletii) landings by port, 2010.

ing for 24% of the total catch. Since then, the dive fish-
ery has decreased in importance, comprising only 3% of
the total landings over the past five years. Whelk landings
in the fishery are spread evenly across the 12 months of
the year.

Whelk are taken in the southern California rock crab
fishery which is open year round and the lobster fish-
ery which is open from October to mid-March. Whelk
may not be taken in the tidal invertebrate zone between
the high tide mark and 1,000 feet beyond the low tide
mark. In addition, commercial divers must hold a com-
mercial dive permit and recreational divers must adhere
to the distance restrictions while obeying a 35 whelk per
day bag limit. Scientific collectors during the four year
period from 2003-2006 took a total of 2,066 whelk.

Most whelk are landed in five ports in the Southern
California Bight (fig. 16). The top port is Santa Barbara,
followed by San Diego, Terminal Island, San Pedro and
Dana Point. These top five ports account for 86% of the
catch. Kellet’s whelk are fished for human consumption
and sold live in fresh fish markets. Ex-vessel value in the
fishery closely tracks landings over time with the highest
values during the years of the highest landings. The value
of the fishery in 2010 was $117,000 with the average of
the last five years slightly higher at $134,000.

Emerging Fishery Status. In April 2011, Kellet’s
whelk was named an emerging fishery by the Fish and
Game Commission. A fishery can be designated as an
emerging fishery as outlined in Fish and Game Code if
the landings or the number of participants increases or
if the gear efficiency increases such that “the existing regu-
lations are not sufficient to insure a stable, sustainable fishery.”
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Both landings and the number of participants in this fish-
ery have increased dramatically since 1993. In addition,
there is concern that the new transferability of the south-
ern rock crab trap permits may also lead to an increase
in Kellet’s whelk landings. Furthermore, rock crab trap
permits are relatively inexpensive ($350) and transfer fees
are $1,000. However transferable permits on the open
market can sell for more than 10 times this amount.
Therefore, the whelk fishery was deemed to meet the
conditions necessary for listing as an emerging fishery.
Management Considerations. Although currently
there are no management measures in place for Kel-
let’s whelk, there are a number of options available for
consideration. One possibility is size limits structured to
allow for a number of spawning seasons prior to entry
into the fishery. Implementation of size limits would
require site-specific information about size-frequency
distributions. Season closures could be established to
avoid months when mating and spawning takes place
to protect reproduction. Since the fishery operates dur-
ing all months, biological spawning considerations could
help guide season closures. Catch limits could be imple-
mented in the fishery to conserve the resource and pro-
vide for a sustainable fishery. More work quantifying
the density of whelks at numerous sites could be con-
ducted to inform decisions about possible regulations.
Finally, gear restrictions and or depth restrictions could
be implemented in the fishery. Depth limits could be
implemented to ban the catch of whelk in traps at cer-
tain depths providing a refuge in depth from fishing
mortality. This approach is currently used in the recre-
ational red abalone fishery in northern California where
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Figure 17. California commercial white seabass (Atractoscion nobilis) landings, 1935-2010.

only free divers are permitted to fish, which in effect
excludes abalone in the deeper habitat from the fishery.

White Seabass

The white seabass (Atractoscion nobilis) is the larg-
est member of the Sciaenid family found in Califor-
nia waters. In addition to being a popular sport fish,
white seabass is also targeted by a commercial fishery.
The commercial white seabass fishery landed 243 t in
2010 (fig. 17), a 39% increase from the 2009 total of
175 t. Estimates of recreational take for 2010 are gen-
erated from the CRES for the private boat and shore-
based modes. The estimate of recreational take increased
by 56% to 121 t in 2010 from the previous year’s total
of 77 t. The recreational catch estimates prior to 2004
are from a different survey and are not directly compa-
rable to the estimates from the CRFS (see Groundfish,
Recreational Fishery, above). However, historical trends
in the recreational catch of white seabass can be deter-
mined from CPFV logbook data (fig. 18).The combined
commercial and recreational catch for 2010 was 364 t.

Commercial and recreational fisheries for white sea-
bass in California have existed since the 1890s. His-
torically, commercial landings have fluctuated widely,
including the landings of white seabass taken in Mexi-
can waters by California commercial fishermen. In 1959,
the white seabass commercial take in Mexican waters
was 1% of California’s white seabass annual landings,
while in 1981, it reached 89% of the total annual catch
(fig. 19). Since this time, the Mexican government has
prohibited access permits to the U.S commercial fleet.

Beginning in 1994, the use of set and drift gill nets
within 3 nautical miles of the mainland shore from Point
Arguello to the U.S. Mexico border and in waters less
than 70 fathoms or within 1 mile (whichever is less) of
the Channel Islands was prohibited. In April 2002, the
use of gill and trammel nets in depths of 60 fathoms or
less was prohibited from Point Reyes to Point Arguello.
Despite such restrictions, most commercial white sea-
bass landings are still taken with set and drift gill nets.
In 2010, set and drift gill nets accounted for 76% of the
commercial landings by weight, while hook and line
vessels accounted for 22%. Although the hook and line
fishery, as well as trawl and other incidental gears (trap),
continues to be a minor component of the commercial
fishery, the number of hook-and-line vessels targeting
white seabass has increased by 266% since 2008. Almost
half of these vessels, however, made less than three land-
ings in 2010, indicating that the majority of hook and
line vessels opportunistically catch white seabass when
available along the coast.

The minimum legal size limit for white seabass in
the commercial and recreational fisheries is 710 mm
(28 in.). The commercial fishery for white seabass is
closed between Point Conception and the U.S. Mexico
border from 15 March to 15 June, except one fish not
less than 710 mm in total length may be taken, possessed,
or sold by a vessel each day if taken incidental to gill and
trammel net fishing operations. In 2010, the average ex-
vessel value paid by dealers was $2.76/1b. The total ex-
vessel value in 2010 was $1,528,913, approximately 76%
more than in 20009.
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Figure 18. California recreational white seabass (Atractoscion nobilis) landings, from Commercial Passenger
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Figure 19. Comparison of landings of white seabass (Atractoscion nobilis) taken in California and Mexican waters by California

commercial fishermen, 1936-1981.

The recreational fishery for white seabass occurs
almost entirely south of Point Arguello. Typically, 95% to
99% of the catch is caught south of this point; however,
in 2010, only 62% of the catch occurred south of Point
Arguello, while 38% occurred within northern Cali-
fornia. This increase of the northern catch is attributed
to the high numbers of white seabass available within
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Monterey Bay from August to October 2010. The fish-
ery is open all year, but the majority of the recreational
take occurs between March and September. The daily
bag limit is three fish, except from 15 March through
15 June when the daily bag limit is one fish. Most fish
are caught by hook and line anglers onboard CPFVs
and private boats.
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In 1982, the California Legislature established the
Ocean Resources Enhancement and Hatchery Program
(OREHP).This legislation was adopted to fund research
into the artificial propagation of marine finfish species
whose populations had become depleted. The ultimate
goal is to enhance populations of marine finfish spe-
cies important to California for their recreational and
commercial fishing value. Initially, research was focused
on California halibut and white seabass; however, white
seabass was eventually chosen as the primary focus
because of the depressed condition of the stock at the
time and its higher value to recreational and commer-
cial fishermen.

The Department manages the OREHP with the
assistance of an advisory panel that consists of academic
and management agency scientists, representatives of
both commercial and recreational fishing groups, and the
aquaculture industry. The program is funded through the
sale of recreational and commercial marine enhancement
stamps for all saltwater anglers south of Point Arguello.
In 1995, the OREHP completed construction of the
Leon Raymond Hubbard, Jr. Marine Fish Hatchery in
Carlsbad, California. The primary function of the hatch-
ery, which is operated by the Hubbs-SeaWorld Research
Institute (HSWRI), is to provide juvenile white sea-
bass, approximately 4 inches (100 mm) total length (TL),
growout pens operated by volunteer fishermen and non-
profit organizations. Currently, the hatchery and gro-
wout pens may release up to 350,000 juvenile white
seabass per year.

There are 13 growout pens located in bays and mari-
nas from Santa Barbara to San Diego in southern Cali-
fornia. At the growout pens, juvenile white seabass are
reared to 200250 mm TL before they are released at or
near the growout site. In 2010, 89,002 hatchery-raised
white seabass were released, approximately 42% of last
year’s release of 152,658 fish. This decline in production
was due to disease issues within the hatchery and gro-
wout facilities. Since 1986, over 1.7 million white sea-
bass, each implanted with a coded wire tag (CWT), have
been released from the OREHP facilities.

Since the mid-late1980s, the OREHP has contracted
with researchers to develop juvenile and adult sampling
programs to assess the proportion of hatchery-raised
fish to the wild population. In the late 1990s, HSWRI
researchers developed a sampling program to recover

adult hatchery-raised white seabass from the commercial
and recreational fisheries. The program, which is ongo-
ing, is aimed at scanning white seabass for the presence
of'a CWT. Since the inception of both programs, 1,400
hatchery-raised juvenile white seabass have been recov-
ered in the juvenile gill net studies while 171 tagged
adult white seabass (legal-size) have been recovered from
the recreational and commercial fisheries.

In June 2010, the Department submitted the White
Seabass Enhancement Plan (WSEP) to the Commis-
sion, which it approved on 21 October 2010. The WSEP
provides a framework for managing the OREHP in an
environmentally sustainable manner and establishes best
management practices (BMPs) for hatchery and growout
operations, fish health, genetics, and benthic monitoring.

To manage the state’s commercial and recreational
fisheries for white seabass, the Commission adopted a
White Seabass Fishery Management Plan (WSFMP)
in 1996. To implement the WSEMP, the Commission
adopted regulations in 2002 to establish a fishing sea-
son of September 1 through August 31 of the following
year. The Commission also adopted an optimum yield
(OY) in 2002.The OY is based on a maximum sustain-
able yield proxy of the unfished biomass and is currently
set at 540 t (1.2 million pounds). The OY has never
been reached since its implementation, but came close
in the 2001-02 fishing season when combined landings
reached 530 t (1,177,781 pounds). In the 2009-10 fish-
ing season, the total recreational and commercial harvest
was 305 t (678,262 pounds), 57% of the allowable catch.

Editor:
D. Sweetnam
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ABSTRACT

The state of the California Current system (CCS)
since spring 2010 has evolved in response to the devel-
opment of cooler La Nina following the dissipation of
the relatively weak and short-lived El Nifio event of
2009-2010. The 2009-2010 El Nifio appears to have
dissipated quite rapidly in early spring 2010, yet the
transition to anomalously cool conditions followed
somewhat later with the onset of anomalously strong
upwelling throughout the CCS in summer 2010 and
the development of unusually—in some cases record—
cool conditions throughout the CCS. However, follow-
ing the fairly consistent emergence of cooler La Nina
conditions across the CCS going into summer 2010,
regional contrasts were apparent. Off southern Califor-
nia, the effects of both the 2009-2010 EI Nino and sub-
sequent return to La Nifia conditions appear to have
had modest effects on the system, and the patterns that
attract interest appear to be unfolding over longer time
scales (e.g., freshening of upper water column and trends
in nitrate and oxygen concentrations). In contrast, the
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northern California Current has exhibited much more
dramatic short-term changes over the past two years,
due in part to greater variability in environmental forc-
ing affecting this region. Ecosystem responses also varied
across the CCS. The pelagic ecosystem off central and
southern California showed evidence of enhanced pro-
ductivity, in terms of rockfish recruitment, seabird abun-
dance and reproductive success, etc., and the planktonic
assemblage off Baja California indicated a resurgence of
crustacean zooplankton following a period dominated
by gelatinous zooplankton. Off northern California and
Oregon, however, the return to La Nifa conditions did
not entirely reverse changes in the copepod assemblage
arising during the 2009-2010 El Nifio, which may have
contributed to low at-sea survival of juvenile salmon. At
the time of writing, tropical conditions are ENSO-neu-
tral and forecast to remain so into fall 2011 and possibly
into early 2012, yet the PDO remained strongly negative
into summer 2011. It is uncertain whether the return to
cool conditions observed in the past year will continue
to govern the state of the California Current.
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INTRODUCTION

This report reviews oceanographic conditions and
ecosystem responses in the California Current system
(CCS) from spring 2010 through spring 2011. This
review is based on observations collected and analyzed
by a diverse range of government, academic, and pri-
vate research programs and voluntarily contributed
in response to an open solicitation for contributions.
Programs or institutions that have contributed data
and analysis to this and previous reports in this series
include the Environmental Research Division, Fisher-
ies Resources Division and Fisheries Ecology Division
of the Southwest Fisheries Science Center (SWFSC) of
NOAA’s National Marine Fisheries Service (NMES),
Humboldt State University, the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) program
off southern California, the Investigaciénes Mexica-
nas de la Corriente de California (IMECOCAL) pro-
gram off Baja California, the Monterey Bay Aquarium
Research Institute (MBARI) off central California, the
Naval Postgraduate School (NPS), the Fisheries Ecol-
ogy Division of NOAA’s Northwest Fisheries Science
Center (NWEFSC), PRBO Conservation Science, the
Farallon Institute for Advanced Ecosystem Research,
and the Coastal Ocean Currents Monitoring Program
(COCMP) which includes several academic institutions
along the coast (see Acknowledgements). Data con-
tinue to be collected along the Bodega Line and will be
included in future reports.

As in previous reports in this series, the focus here
is on reviewing recent observations in the context of
historical patterns as a means of identifying changes in
the state of the CCS ostensibly related to changing cli-
matic conditions. This review emphasizes evaluation of
augmented or new time series of observations. Where
necessary for additional context, insights from spatial pat-
terns are described in general terms in the text; support-
ing maps and other “snapshots” of the CCS, including
more detailed information on specific cruises, are avail-
able online at observing programs’ Web sites (indicated
below). The data sets reviewed herein are the subject
of ongoing research to understand links between cli-
mate and ecosystem processes, work that 1s well beyond
the scope of the present paper. This review focuses on
description and preliminary synthesis of available obser-
vations, and offers only sparse information on meth-
ods related to data collection (primarily in footnotes).
For many ongoing observing programs, more detailed
descriptions of methods are available in previous State
of the California Current reports or online.

The report is organized as follows. First, we review
recent historical conditions and long-term indices of
large-scale climate modes (e.g., the Pacific Decadal
Oscillation or PDO), followed by more detailed, recent,

basin-scale information from the tropical and northern
Pacific Ocean. This review provides a broad temporal
and spatial context for observations that focus more spe-
cifically on patterns and structure in physical forcing and
responses at scales that span the entire CCS. Second, pro-
ceeding from south to north, we summarize the state
of the CCS based on physical, chemical and biological
observations collected in the course of repeated ship-
based surveys that occupy designated stations at more or
less regular intervals throughout the year (fig. 1). Third,
we summarize information on the status of higher tro-
phic levels whether derived from data collected on one
(or rarely two) targeted large-scale surveys, as part of
seasonal sampling programs, in conjunction with ongo-
ing large-scale surveys of the CCS, or aggregated from
a suite of survey-based, fishery-based, and other sources.
In reviewing these diverse data sets, it is important to
remember that responses to climate forcing may be rel-
atively rapid or may include substantial lags, particularly
in variables that require time to accumulate the effects
of changes in forcing or in variables that scale with spe-
cies’ life histories or phenology. Finally, in the Discussion,
we summarize the evolution of the state of the CCS
through the last year.

RECENT EVOLUTION OF THE STATE
OF THE CALIFORNIA CURRENT

A shift to cool conditions following the 1997-1998
El Nino (Bograd et al. 2000; Peterson and Schwing
2003) drove ecosystem responses consistent with those
expected for such a transition, e.g., increased zooplank-
ton production, as well as occasional shifts in zooplank-
ton community structure (Brinton and Townsend 2003;
Lavaniegos and Ohman 2003). Two events impinged
on the CCS in 2002-2003: an intrusion of subarctic
waters (the signature of which was detectable in parts
of the CCS into 2007), and a mild tropical El Nino
(Venrick et al. 2003). Strong ecosystem responses to the
intrusion of anomalously cool, fresh, and nutrient-rich
waters (e.g., enhanced productivity) were observed only
in the northern CCS (e.g., off Oregon); it is thought
that the effects of El Nifio were likely to have coun-
tered any similar responses off southern California and
Baja California (Venrick et al. 2003; Wheeler et al. 2003;
Bograd and Lynn 2003; Goericke et al. 2004). Since
2004, regional variability has dominated over coherent
CCS-wide patterns (Goericke et al. 2005; Peterson et al.
2006; Goericke et al. 2007; McClatchie et al. 2008, 2009;
Bjorkstedt et al. 2010). The late onset of upwelling in
2005 and 2006 led to delayed spin-up of productivity in
coastal waters, with strongly negative consequences for
higher trophic levels in the northern CCS (Peterson et
al. 2006; Sydeman et al. 2006; Goericke et al. 2007; Lind-
ley et al. 2009). Cool conditions associated with La Nifa
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ately below or above the respective stations. Line and station numbers for the IMECOCAL (panel F) and CalCOFI (panel E) programs follow the CalCOFI line and
station nomenclature. The Newport Line (panel B) station names designate distance (nm) from shore. The 66 standard CalCOFI stations (black squares in A and E)
are occupied on all cruises, weather permitting. During the winter and spring cruises the pattern is extended north for observations of hydrographic properties and
distributions of fish eggs and larvae (crosses). The Monterey Bay Aquarium Research Institute monitors conditions along line 67 off Monterey Bay. The Newport
Line is sampled biweekly out to St 25 and occasionally further offshore. The Trinidad Head Line (panel C) is occupied at monthly or shorter intervals. The Bodega
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prevailed from mid-2007 through 2008 into early 2009,
but regional variability was again dominant: increases in
productivity in the northern CCS were not matched by
similar responses off southern California and Baja Cal-
ifornia despite evidence of hydrographic effects of La
Nifia (McClatchie et al. 2008, 2009).The general pattern
of substantial contrasts between the northern and south-
ern regions of the CCS persisted into the short-lived,
relatively weak El Nifio event in late 2009 through early
2010 (Bjorkstedt et al. 2010). For example, whereas con-
ditions off southern California returned to near clima-
tological values with the decline of La Nifa and did not
indicate any substantial subsequent response to El Nifio,
the northern CCS warmed subtantially following the
decline of La Nifia and was strongly affected by intense
downwelling during winter 2009—10 (Bjorkstedt et al.
2010). Moreover, as the El Nifio diminished rapidly in
early 2010, upwelling off central and southern California
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resumed unusually early and strongly for a spring fol-
lowing an El Nifo, but recovery from El Nifo in early
2010 appears to have been less robust in the northern
CCS (Bjorkstedt et al. 2010).

In contrast to the consistently warm conditions that
dominated the CCS prior to the strong 1997-1998
El Nino, the Pacific Decadal Oscillation (PDO; Man-
tua et al. 1997) index suggests that the North Pacific
has since been in a generally cooler state. However, the
PDO has been for the past decade fluctuating at inter-
vals of approximately two to four years between cool
states marked by negative values of the PDO index and
associated negative anomalies in sea surface temperature
throughout the CCS (e.g., 1998-2001, 2008—09) and
warmer states of positive PDO and positive SST anom-
alies (e.g., 2003—06) (fig. 2, and see below). This pattern
appears to be continuing into spring 2011, with PDO
declining to neutral values after recovering from the
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Figure 2. Time series of the Pacific Decadal Oscillation (PDO; top panel; data retrieved from http://jisao.washington.edu/pdo/PDO.latest), the Multivariate ENSO
Index (MEI; middle panel; data downloaded from http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEl/table.html), and the North Pacific Gyre Oscillation (NPGO;
bottom panel; downloaded from http://www.o3d.org/npgo/data/NPGO.txt) for January 1984-May 2011 (March 2011 for the NPGO).

effects of the 2009-2010 El Nifo. Over this period, vari-
ability in PDO exhibits a high degree of coherence with
the Multivariate El Nifio Southern Oscillation Index
(MEI; Wolter and Timlin 1998) (fig. 2). The MEI shifted
dramatically from El Nifio to La Nifla conditions in
early 2010 and remained in a strongly La Nifla state until
increasing rapidly towards neutral values in early 2011.
Whether a sustained “cool regime” has been in place for
the CCS remains an open question. The North Pacific
Gyre Oscillation (NPGO; Di Lorenzo et al. 2008), which
is a measure of the strength of gyral circulation in the
North Pacific, has been predominantly positive since the
late 1990s indicating anomalously strong equatorward
flow in the CCS (fig. 2); negative NPGO during 2005
and 2006 corresponds to the period of unusually low
productivity observed through much of the CCS.

NORTH PACIFIC CLIMATE PATTERNS!

In the extratropical Pacific, SST anomalies in sum-
mer 2010 were generally cool (0.5 to —1.0°C) around
the North American coast and warm (>+0.5°C) in the

Further details on month-to-month and interannual global ocean climate vari-
ability can be found at CPC’s “Monthly Ocean Briefing” archive (http://www.
cpc.ncep.noaa.gov/products/ GODAS).

western and central North Pacific (fig. 3a), a pattern that
has persisted in recent years. This pattern also reflects a
negative phase of the Pacific Decadal Oscillation (PDO),
which has been predominantly in the negative phase
since 2007 (fig. 2; Peterson and Schwing 2003). The
tropical El Niflo that developed in summer 2009 and
peaked in winter 2009-10 had largely dissipated by early
spring 2010.This event appears to have been an El Nifo
Modoki marked by anomalous warming in the cen-
tral, rather than western, equatorial Pacific (Ashok et al.
2007). By July 2010, La Nifia developed in the tropical
Pacific, with cooler SSTs (anomalies of approximately
—1.0°C) extending from the South American coast to
the dateline (fig. 3a). Strong anticyclonic wind anoma-
lies dominated the northeast Pacific at this time, result-
ing in cooler SSTs throughout the Gult of Alaska and
California Current. La Nina conditions strengthened
through autumn 2010 and into early winter 2011, dur-
ing which unusually cool SSTs (anomalies of approx-
imately —2.0°C) occurred in parts of the equatorial
Pacific (fig. 3b,c). A brief period of warm SST anoma-
lies in the eastern North Pacific in September—October
2010 transitioned back to cool SST anomalies in early
winter 2010-11 (fig. 3¢). By April-May 2011, tropical
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Figure 3. Anomalies of surface wind velocity and sea surface temperature (SST) in the north Pacific Ocean, for (a) July 2010, (b) October 2010, (c) January 2011,
and (d) April 2011. Arrows denote magnitude and direction of wind anomaly. Contours denote SST anomaly. Contour interval is 1.0°C. Negative (cool) SST anomalies
are shaded blue; positive (warm) SST anomalies are shaded red. Wind climatology period is 1968-96. SST climatology period is 1950-79. Monthly data obtained

from the NOAA-CIRES Climate Diagnostics Center.

conditions had transitioned to ENSO-neutral, while
the eastern North Pacific (NEP) was dominated by a
strong North Pacific High (anticyclonic wind anoma-
lies), strong upwelling in the California Current, and
cooler than normal SST throughout the NEP (fig. 3d).

Recent trends and variability in major climate indices
also reflect the development and decline of El Nifio in
the North Pacific. In spring 2010, cooling in the North
Pacific is captured in the sharp transition of PDO back
to strongly negative values comparable to those observed
during cool conditions prior to the 2009-2010 El Nifo.
Following this transition, the PDO declined in magni-
tude more or less steadily (fig. 2). The Multivariate El
Nino Southern Oscillation Index (MEI) also marked a
sharp transition to strong La Nifa conditions that has
subsequently relaxed towards ENSO-neutral conditions
(fig. 2). The North Pacific Gyre Oscillation (NPGO)
index indicated a weakening of gyral circulation (i.e., a
weakening of the California Current) coincident with
the tropical signal of the 2009-2010 El Nino that recov-
ered strongly in spring 2010, then gradually declined
into negative anomalies in early 2011 (fig. 2). The
NPGO signal associated with the 2009-2010 El Nifio
and its dissapation appears to lead that of the SST-based
PDO (fig. 2).
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CALIFORNIA CURRENT

Atmospheric Forcing, Upwelling, and
Sea Surface Temperature Responses

Conditions in the North Pacific and California Cur-
rent show clear responses to variability in the develop-
ment and strength of seasonally dominant atmospheric
pressure systems (e.g., the Aleutian Low in winter and
the North Pacific High in spring and summer). Upwell-
ing was anomalously strong throughout the California
Current during midsummer 2010, reflecting persistently
strong anticyclonic wind anomalies associated with a
strong North Pacific High (figs. 3, 4). The rapidly chang-
ing atmospheric forcing in the northeast Pacific from
autumn 2010 through winter 2011 is reflected in Cal-
ifornia Current upwelling. A strong Aleutian Low in
December 2010 and March 2011 led to briet periods
of anomalously strong downwelling in the northern
California Current. In contrast the development of the
North Pacific High in spring 2011 led to an early onset
and relatively strong upwelling from Baja through cen-
tral California.

Conditions at coastal NDBC buoys have reflected
these large-scale patterns, with high volatility in both
surface winds and SST (fig. 5). Strong event-scale vari-
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Figure 4. Monthly upwelling index (top) and upwelling index anomaly (bottom) for January 2009-April 2011. Shaded
areas denote positive (upwelling-favorable) values in upper panel, and positive anomalies (generally greater than normal
upwelling) in lower panel. Anomalies are relative to 1948-67 monthly means. Units are in m3/s per 100 km of coastline.

ability (i.e., variability over time scales of several days to
weeks) prevailed in the summers of 2009 and 2010, as it
has since 2007, with numerous upwelling and relaxation
events and corresponding variations in SST, particularly
in the northern California Current. Strong event-scale
variability was also evident in nearshore winds during
the winters of 2009—10 and 2010-11. While SSTs in
winter 2009-10 were anomalously warm—a conse-
quence of a strong Aleutian Low and intense down-
welling associated with the El Niio—SSTs in winter
2010-11 were generally cooler than normal in the Cal-
ifornia Current. Strong upwelling in the southern Cali-
fornia Current in April 2011 led to strong negative SST
anomalies at the southern buoys.

Latitudinal variation in cumulative upwelling? further
illustrates the contrasts in recent years (fig. 6) . Off south-
ern California, upwelling patterns have been quite simi-
lar and near average despite the transition from La Nifia
conditions through the 2009-2010 EI Nifio and back to
La Nifa. Moving north, however, differences between
years become more apparent, to the point that off Ore-
gon, cumulative upwelling in early 2009 was among the
strongest observed, yet among the weakest in early 2010.
Cumulative upwelling in 2011 showed a similar latitu-
dinal pattern, with differences between northern and

2Cumulative upwelling was calculated from the 6-hourly Bakun Index obtained
from the NOAA Fisheries Environmental Research Division obtained through
http://www.pfeg.noaa.gov/products/PFEL/modeled/indices/PFELindices.html.
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Figure 6. Cumulative upwelling from January 1 calculated from the Bakun Index at indicated locations along the West Coast
of North America for 1967-2008 (grey lines), 2009 (dash-dotted line), 2010 (dashed line), and 2011 (solid line).

southern locations arising as a consequence of strong
downwelling in the north in spring 2011.The prolonged
sequence of downwelling events in early 2011 led to a
slightly delayed spring transition® in the northern Cali-
fornia Current (e.g., at 45°N; fig. 7).

HF Radar Surface Current Observations*
Seasonal mean surface currents observed with HF
radar provide further evidence of the contrast between
spring 2010 through spring 2011 and the previous year.
In spring 2010 (March through May), mean currents are
directed southward throughout the domain (including
the Southern California Bight) and have a clear offshore
component off central California (fig. 8). During the
summer, a marked offshore orientation of mean flows

3Spring transition date is based on the day on which cumulative upwelling
reaches its most negative value immediately prior to the onset of sustained
positive upwelling. Usually this corresponds to the lowest value of cumulative
upwelling, but in some years the spring transition corresponds to a second-most
negative value of cumulative upwelling following a weak upwelling event.

“High Frequency (HF) Radar currents presented herein are calculated hourly at
6-km resolution using optimal interpolation (Kim et al. 2008; Terrill et al. 2006)
and further averaged to 20-km resolution prior to display. Real-time displays of
HF-Radar surface currents can be viewed at the regional association Web sites:
http://www.sccoos.org/data/hfrnet/ and http://www.cencoos.org/sections/
conditions/Google_currents/ and at Web sites maintained by the institutions that
contributed data reported here (listed in Acknowledgments).

is evident throughout the upwelling region from Point
Conception to the mouth of the Columbia River. In the
Southern California Bight, flow is weaker and mostly
poleward in summer and fall. In fall (September through
November), currents weaken in the upwelling region
and consistent upwelling is not evident north of Cape
Mendocino.

Persistent enhanced offshore flow is evident in the
seasonal mean as upwelling jets either at or just south
of major capes (e.g., Cape Blanco, Cape Mendocino,
Point Arena, Point Reyes, Point Ano Nuevo, and Point
Conception; fig. 8). These features varied in strength
and structure between years. In contrast to 2009, dur-
ing which strong features observed in spring weakened
during summer (Bjorkstedt et al. 2010), these features
were weaker in spring 2010, but strengthened through
the summer (June through August), particularly oft Cape
Blanco and Point Arena. Also in contrast with observa-
tions from the previous year, the “Mendocino Eddy”
(Halle et al. in review) is not evident as a closed circula-
tion pattern in the mean flow patterns, yet mean flows
do include a persistent offshore flow just north of Point
Arena—most strikingly in fall, when wind forcing was
relatively weak—that is consistent with the southern
portion of the Mendocino Eddy (fig. 8).
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Figure 7. Variability in spring transition dates around the mean of observed transition dates calculated from the Bakun Index at 45°N 125°W. Negative anomalies
indicate early spring transitions, positive anomalies indicate late transitions. Day of transition is from the most negative value of cumulative upwelling immediately
prior to onset of sustained upwelling. Mean spring transition date is Day 103 (April 13).
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Figure 8. Mean seasonal maps of surface currents observed throughout the CCS with coastal HF radar for March 2010 through February 2011. The seasons are
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Figure 9. Monthly averages of spatially averaged surface flow past Point Reyes, CA between 30 and 60 km offshore (38°00° to 38°10°N and 123°20" to 123°40°'W;
thick black line) and between 0 and 15 km offshore (38°00’ to 38°10°N and 123°00° to 123°10°W; thick grey line). Positive values indicate poleward flow in cm/s. Fine,
grey dashed line: cross-shelf Ekman transport indexed as the negative Upwelling Index at 39°N (i.e., positive values indicate onshore Ekman transport in units of
10 m3/s per 100 m of coastline). Fine black line: sea level at Point Reyes relative to 1 m above MLLW (units cm).

Following strong northward flows during the 2009—
10 winter, southward flow off Point Reyes returned to
moderate levels in 2010 and exhibited greater correla-
tion between nearshore (0—15 km) and offshore (30—
60 km) flows than was observed in 2009 (fig. 9). These
flows were strongest during May and June 2010, but rel-
atively weak earlier in the spring and later in the sum-
mer. In fact, mean flow past Point Reyes near the coast
was approximately zero from July onward. Flows were
variable and weak during the 2010-11 winter and con-
tinued to appear weak into early 2011 (fig. 9). As in pre-
vious years, the seasonal development of alongshore flow
past Point Reyes leads that of local wind forcing as indi-
cated by the Upwelling Index (fig. 9; see Garcia-Reyes
and Largier (in review) for further discussion). Indeed,
alongshore flow is better correlated with monthly mean
water level at the Point Reyes tide gage, which reflects
both wind forcing and forcing related to offshore eddies
(e.g., Kaplan et al. 2009).

REGIONAL SURVEY OBSERVATIONS

Baja California—IMECOCAL Surveys®

Within the IMECOCAL study region off Baja Cal-
ifornia, temporal variability in both temperature and
salinity (expressed in terms of mean 10 m anomalies)
effectively capture climate events and clearly illustrate the
onset and dissipation of the recent 2009-2010 El Nifio
event (fig. 10). In Spring 2010, colder, fresher conditions
developed, eventually leading to the coldest (October
2010) and freshest (January 2011) conditions recorded
in time series (fig. 10). The 201011 freshening event
exceeds the 2002—03 event in scale, which had been the
result of an anomalous intrusion of subarctic waters into
the CC (Venrick et al. 2003; Gémez-Valdes and Jeron-

5The IMECOCAL study region spans 93 stations off Baja California, Mexico
(fig. 1). IMECOCAL cruise schedules, data collection protocols, analysis meth-
ods, and additional substantiating data are fully described at http://imecocal.
cicese.mx. Note that results from the present analysis based on 10 m anomalies
have been corroborated and correlate well with patterns in anomalies based on
analysis of mixed layer properties (Durazo 2009; Gomez-Valdes and Jeronimo
2009; Bjorkstedt et al. 2010).

imo 2009). Subsequent observations show both temper-
ature and salinity reverting to long-term mean values.

Temporal variability in chl a (expressed as anomalies
of chlorophyll integrated over the upper 100 m of the
water column) also capture the consequences of climate
variability off Baja California at interannual to decadal
scales, including El Nino-La Nifia cycles (Gaxiola-Castro
et al. 2008). These patterns show a positive relationship
with the NPGO (North Pacific Gyre Oscillation) index,
but low relation to MEI (Gaxiola-Castro et al. 2010).
Positive chl a anomalies were present oftf Baja California
from 2008 to 2011 (April), except for the spring 2010
survey, which is likely to have been a consequence of
the 2009-2010 El Nino in the region (fig. 11). Anom-
alously high concentrations of chl a were observed off
Baja California from the second half of 2010 through
spring 2011, but remain lower than those observed in
2002 (Gaxiola-Castro et al. 2008).

During 2010 and into early 2011, zooplankton dis-
placement volumes were relatively high, which is con-
sistent with patterns observed since 2004 (fig. 12;
Lavaniegos 2009). In early 2010, however, crustacean
zooplankton grazers were relatively rare and high indices
of zooplankton abundance reflected the high abundance
of gelatinous groups (not shown). Indeed, abundance of
medusae reached a record value for the IMECOCAL
series (1998-2010) in early 2010. In contrast, copepods
and euphausiids returned to relatively high abundance
during July and October 2010 (fig. 12), presumably as
a consequence of cool water and enhanced production
associated with La Nifa.

Southern California—CalCOFI Surveys®
Unusually high sea levels associated with the 2009—

2010 El Nino cycle returned to normal and slightly

negative values by the summer of 2010 (fig. 13a). Mixed

‘Results are presented here as cruise averages over all 66 stations (fig. 1c) or as
anomalies with respect to the 1984-2008 time series to augment ongoing time
series of observations. Detailed descriptions of the cruises and methods used to
collect data and analyze samples are given in previous reports and are available
at http://www.calcofi.org.
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Figure 10. Mean anomalies of temperature (upper panel) and salinity (lower panel) at 10 m over the IMECOCAL study region for the period 1997-2011.
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Figure 11.  Anomalies of average water-column integrated chl a in the IMECOCAL study region off Baja California from 1998 to spring 2011.

layer temperature continued to remain slightly cooler
than the long term average, continuing a trend estab-
lished after the 1998-1999 El Nino. Mixer layer tem-
perature was substantially cooler than normal during
summer 2010, reflecting the strong equatorial La Nifia
conditions, but subsequently returned towards recent
mean values (fig. 13c).

Values of mixed layer salinity, which is not expected
to be affected by ENSO cycles, continued to decline
through 2010 and into 2011 (fig. 13d). This pattern is
reflected in many regions within the CalCOFI study
area that continue to exhibit freshening of the upper
water column, as has been observed over the last few
years (Bjorkstedt et al. 2010). Indeed, this freshen-
ing trend either persisted or became stronger in the
case of the southern California Current (fig. 14), and
likely reflect a general strengthening of the California
Current.

During the 2009-2010 El Nino, the o, 26.4 isopyc-
nal” was deeper than usual (i.e., exhibiting a positive
depth anomaly), but returned to depths similar to those
observed over the last decade following the development
of La Nina (fig. 15a). Temperature and oxygen anoma-

7The o, 26.4 isopycnal is located within the pycnocline, at an average depth of
about 200 m off S. California, and is largely independent of processes affecting
the mixed layer (i.e., local forcing).

lies at the o, 26.4 isopycnal did not change substantially
over the last ENSO cycle (fig. 15), suggesting that water
masses at the isopycnal did not change substantially dur-
ing this time. Considering these rather subtle changes in
properties, the large observed increase in nitrate concen-
trations over the last years is surprising (fig. 15). Although
the increasing trend in nitrate concentration since 2000
coincides with a decline in oxygen concentration (to
levels that have persisted into 2011), the sharp increase
in nitrate over the past two years is not matched by a
corresponding additional decrease in oxygen concen-
trations. Thus, it appears that the increase of nitrate over
the last two years can not have been driven by increased
local remineralization without some other mechanism
present to offset the expected draw down of dissolved
oxygen. The largest anomalies in nitrate concentration at
the o, 26.4 isopycnal were observed along the offshore
sections of lines in the northern (lines 77 and 80) and
southern (lines 90 and 93) of the CalCOFI grid (fig. 1).
This nitrate concentration anomaly also does not appear
to be related to the freshening of the upper water col-
umn since analogous trends in nitrate and oxygen con-
centrations are not observed higher in the water column
(e.g., at the o, 25.6 isopycnal which is located at a depth
of about 90 m with a temperature of about 11°C, data
not shown).
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Figure 12.  Anomalies of average zooplankton densities observed in the IMECOCAL study region off Baja California from 1998 to fall 2010. Top panel: Anomalies
of zooplankton displacement volume. Middle panel: Anomalies in estimated copepod abundance based on nighttime samples. Bottom panel: Anomalies in esti-
mated euphausiid abundance based on nighttime samples. Open circles indicate missing cruises or cruises with reduced area coverage that were excluded from

calculation of anomalies. Zooplankton data for January 2011 are not yet available.

Nitracline depths in the CalCOFI area were similar
to values observed since 1999 (fig. 13b). Whereas nitra-
cline depth responded significantly to the La Nifia con-
ditions of 2007-2008 it did not respond strongly to the
El Nino conditions of 2009-2010, as it had during pre-
vious El Niflos (fig. 13b). Consistent with the observa-
tion of nitracline depth, concentrations of mixed layer
nitrate were slightly above long-term averages and con-
centrations of silicic acid and phosphate were similar to
long-term averages over the last decade (fig. 16). Con-
centrations of nitrate and N-P ratios have been increas-
ing slightly over the last decades, but no such trend
can be detected for concentrations of silicic acid and
phosphate.

48

The spatially-averaged concentration of mixed layer
chl a observed over the last year was similar to long-term
averages (fig. 17a). These trends for the whole region
reflect processes in specific areas as well. Concentrations
of chl a have been higher than normal at the edge of the
central gyre and in the California Current in past years
and these have been lower than average in the northern
coastal areas. In 2010, concentrations of chl a returned
to average values in these areas. (fig. 18). The exception
is the southern coastal region where exceptionally high
concentrations of chl a were observed this year. Rates
of primary production were slightly above long-term
averages (fig. 17b), a trend possibly related to the slight
increase in nitrate concentration over the last year. Zoo-
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plankton displacement volume, a proxy for zooplankton
biomass, has not been affected by the last ENSO cycle, in
contrast to the 1998-99 ENSO cycle when zooplankton
biomass decreased by 70%.

Central California—Monterey Bay and Line 678
Observations off central California also reflected
the decline of the 2009-2010 El Nifio event in mid-
spring 2010 and the transition to La Nina conditions
which have persisted into spring 2011 (fig. 19). In the
outer reaches of Monterey Bay, the upper water col-
umn was unusually warm during January 2010 (anom-

8Data on temperature and salinity at the surface and 100 m for Monterey Bay
are based on MBARI monthly cruises and mooring data.

alies greater than 0.8°C extended from the surface to
a depth of 100 m), but by November 2010, this pat-
tern had completely reversed: the upper water column
was unusually cool (anomalies of approximately —0.8°C
at 100 m) and salty (salinity anomaly of 0.2 S). These
changes were in part explained by changes in regional
Ekman transports and were also consistent with Mon-
terey sea level measurements (data not shown). The
development and persistence of La Nifia conditions
was also evident in the development of anomalously
high chl a concentrations in the upper 100 m of the
water column during summer 2010. In contrast to the
preceding summer, when phytoplankton were both less
abundant and concentrated at depth (as is more typi-
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cal of locations far from the coast), much of the phyto-
plankton was concentrated towards the surface (a more
typical nearshore pattern).

Observations along Line 67 during late July and early
November 2010 likewise encountered cold conditions
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following the development of La Nina (fig. 20). Mean
temperature of the halocline was the lowest observed,
continuing the long-term trend since the section began
in 1997 (fig. 19). In both July and November, the inshore
edge of the California Current was observed between
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80 stations 67-70 and 67-65 (approximately 110-150 km
nm off the mouth of Monterey Bay). Seasonal salinity
anomalies in the upper 200 m on the offshore (inshore)

= side of the front were —0.4 (+0.4) in both July and
o November. The pattern of seasonal temperature anom-
g alies associated with the salinity anomalies was complex
= but with generally warmer (cooler) waters on the off-
o shore (inshore) side of the front with anomalies about
~1°C (=1°C). These patterns suggest an intensification

of flow in the upper ocean along the front.

-40 . .

00 Northern California Current—Newport
Hydrographic Line and Trinidad Head Line
) . . .
5 400 A Observations along the Newport Hydrographic Line?
g 300 indicate a strong transition from El Nifo to La Nifa
g conditions from spring 2010 to summer 2010. Spring
< 200 - 2010 was marked by some of the the warmest and fresh-
é 100 est waters observed in the time series, similar to 1997
g and to other warm ocean years (1998, 2003, 2005 and
£ 0 2006). In strong contrast, deep midshelf waters in sum-
& mer 2010 were the coldest on record (fig. 21).
= -100 1 Monthly average values of copepod species richness
200 off Oregon continue to track the PDO and SST quite
5 closely, with cold conditions (negative PDO) domi-
nated by a few subarctic taxa and warm conditions (pos-
o C
E “Regular sampling of the Newport Hydrographic (NH) line along 44.65°N
g continued on a biweekly basis along the inner portions of the line, at seven
8 stations ranging from 1 to 25 nautical miles from shore. Details on sampling
] protcols are available in previous reports and at http://www.nwfsc.noaa.gov/
& research/divisions/fed/oeip/ka-hydrography-zoo-ichthyoplankton.cfm.
5 Temperature anomalies along the Newport line are based on the Smith et al.
o (2001) climatology. Copepod data are based on samples collected with a 0.5
[S m diameter ring net of 202 um mesh, hauled from near the bottom to the sea
o surface. A TSK flowmeter was used to estimate distance towed.
—
2 Figure 17.  CalCOFI region averages for standing stocks of chl a (A) and rates
of primary production (B) and zooplankton displacement volume (C). Data and
1984 1988 1992 1996 2000 2004 2008 2012 symbol codes are the same as those in Figure 13.
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Figure 19. Temperature (top panels), salinity (middle panels) and chl a concentration (bottom panels) at the surface (left hand column) and at 100 m (right hand

column) observed at the M1 mooring.

itive PDO) dominated by a more speciose subtropical
assemblage. The copepod assemblage observed through-
out much of 2009 was relatively depauperate, but spe-
cies richness increased in response to the 2009-2010 El
Nino event to reach anomalously high values by summer
2010 that persisted throughout the year (fig. 22). Cope-
pod species richness reached the same magnitude as that
observed during the 1998 El Nino event and the period
between 2003 and 2006 marked by a consistently posi-
tive PDO. Species richess declined in early 2011, save for
during March, when anomalously strong downwelling
appears to have driven a temporary enrichment of the

52

copepod assemblage over the Oregon shelf with south-
ern and oceanic species (fig. 22).

The response of the plankton ecosystem to seasonal
and climate variability is also indicated by the relative
biomass of several copepod species with northern bio-
geographic afhinities (Pseudocalanus mimus, Calanus mar-
shallae and Acartia longiremis) to total copepod biomass
(fig. 23). Biomass of northern copepods declined in
response to the 2009—2010 El Nino, and this change in
assemblage structure persisted well into summer 2010
before recovering to moderately high levels in late 2010

(fig. 23).
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Figure 20. Hydrographic properties along Line 67 from 1997 to 2010. Each cruise included 17 stations along line 67 spaced 20 km apart from H3 (at the entrance
to Monterey Bay) to station 67-90 (located 320 km offshore of H3). Data for 47 cruises are shown. (upper left) Mean T-S properties for each cruise. The July 2010
cruise is a solid black line and the November 2010 cruise is a black dotted line. Isopycnals are spaced at 1 kg/m3 intervals. (upper right) Mean temperature of
halocline waters, 33.6<S<34.0. (lower left) Mean salinity of upper ocean waters (waters whose temperature is greater than 10°C). (lower right) Mean salinity of the
thermocline, 6°C<T<8°C (closed dots), and deeper waters, T<6°C.

10.0 9.5
T-S at a depth of 50 m at NH 05 T-S at a depth of 50 m at NH-05
. April-June . July-September
2 ® 98 9.0 A 97
O 9o 0 005 o
o 3 8.5 -
5 97 N 06 © °
g 8.5 b aé.:_ oo 98
o ) ®10 = 04
(IE) 80 - 11 o o0 o 01 ﬁ A 09 08 g9 05 o06
o 9,07
= 04 o9 0:02 007 75 03 01 % 01
7.5 4 09 ¢ 08 02
®10
7.0 A
7.0 T T T T T T T T T T
33.0 33.2 334 33.6 33.8 33.60 33.65 33.70 33.75 33.80 3385 33.90 33.95
Salinity Salinity

Figure 21. Seasonal mean temperature and salinity at 50 m depth at NH-05 along the Newport Hydrographic Line for spring (left panel) and summer (right panel).
Note changes in scale on both temperature and salinity axes. Numbers next to points indicate year of observations.

53



STATE OF THE CALIFORNIA CURRENT
CalCOFI Rep., Vol. 52, 2011

‘8 T T T T T T

Copepod Species Richness

Figure 22.

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12

YEAR

Monthly averaged copepod species richness anomalies at station NH 05 off Newport, Oregon.

0.6

0.4 -

o
o
]

Proportion of total copepod biomass
O
N

-1.0 T T T T T

96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11

Year
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lae and Acartia longiremis; upper panel).

Observations along the Trinidad Head Line'? indicate
a similarly strong reversal from El Nifio conditions to La
Nifa conditions as indicated by the properties of deep,
midshelf waters, but also indicate that water properties
over the narrow shelf in this region are highly dynamic
and respond rapidly to short term variability in wind
forcing. In winter 2010, these waters were the warm-
est observed and nearly the freshest observed (fig. 24).
Some of the the coldest, saltiest deep midshelf water was

1"Details on sampling protocols for the Trinidad Head Line are available in pre-
vious reports and online at http://swfsc.noaa.gov/HSU-CFORT/.
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observed during one cruise in July 2010, but this cold
water was replaced by moderately cool waters within
a few weeks, so that an unambiguous signal of unusu-
ally strong, sustained upwelling was not apparent in the
ship-based observations (fig. 24, see also upper panels of
fig. 25). Anomalously warm, fresh waters comparable to
those observed in winter 2010 were observed in Decem-
ber 2010, but were quickly replaced by cooler, saltier
water during active upwelling in early 2011 (figs. 24, 25).
Concentrations and distributions of chl a at midshelf in
summer 2010 were somewhat less than those observed in
summer 2008 yet were much greater than in 2009 (data
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not shown). Observations in early 2011 indicate small
blooms, presumably in response to upwelling events in
January and February, but high concentrations of phy-
toplankton over the shelf had not yet been observed.

The copepod assemblage at midshelf along the Trin-
idad Head Lines continues to have a more southern,
more oceanic composition than is observed oft New-
port, which is consistent with the location of the Trini-
dad Head Line relative to Newport and the narrow shelf
off Trinidad Head (fig. 25). In contrast to the coherent
seasonal signals in copepod abundance observed in pre-
vious years (Bjorkstedt et al. 2010), copepod densities
were low off Trinidad in summer 2010, yet quite high
off Newport (fig. 25). This may reflect differences in cir-
culation related to the narrow shelf off Trinidad Head,
which might favor (temporary) export of copepods dur-
ing periods of intense upwelling and offshore Ekman
transport. Off Trinidad Head, the copepod assemblage
during winter 2010-11 was similar to that observed
during the weak 20092010 El Nifio, in that the assem-
blage was dominated by more southern taxa. South-
ern taxa remained common throughout 2010, despite
the dissipation of El Nifio. In contrast to spring 2010,
northern, neritic species had returned in abundance by
spring 2011.

ECOSYSTEM SURVEYS & BIOLOGICAL
RESPONSES OF HIGHER TROPHIC LEVELS

Southern California Pelagic Ecosystem
Spawning of small pelagic fish, such as Pacific sardine
(Sardinops sagax), northern anchovy (Engraulis mordax),

and jack mackerel (Trachurus symmetricus), is sensitive to
temperature, among other factors, with individual species
responding differently to a particular suite of environ-
mental conditions. Information on spawning distribu-
tions provides an integrated picture of the CCS from the
perspective of these important fishes, and is important to
the design of fisheries surveys used to estimate spawning
stock biomass from daily egg production.

Comparisons of the spatial distribution of eggs'!
among years with “warm” or “cool” SSTs in April!2
showed that sardine changed their spawning distribu-
tion during warm years more than did anchovy or jack
mackerel (fig. 26). Sardine moved the furthest north in
the warm springs of 2006 and 2010 (fig. 26).The coor-
dinates of the median egg density for April 2011 are also
highlighted for comparison. Spawning sardine occurred
30—60 miles northwards and shoreward in warm years.
Greater numbers of sardine eggs to the east (shoreward)
during warm years may have been caused by movement
of spawning sardine into coastal waters during warm
Aprils marked by reduced upwelling (fig. 26).

"The distribution and density of eggs was determined from the Continuous
Underway Fish Egg Sampler (CUFES) using standard methods documented
for ichthyoplankton surveys. The data were restricted to latitudes between

San Diego and San Francisco to avoid bias by the few surveys that sampled the
entire U.S. West Coast (2006, 2008 and 2010).

2Monthly Sea Surface Temperature (SST) data (centered on mid-month) were
obtained from the Pathfinder v.5 sensor at 5.5 km resolution for each April
(approximate center of spawning for Pacific sardine) from 1997 to 2010 between
20—40°N and 116—127"W. SST anomalies at each pixel were calculated by
subtracting the mean April value at that pixel for all years, thereby creating an
anomaly image. Boxplots centered on the median anomaly value for each anom-
aly image (i.e., April 1997, April 1998, etc.) were used to create a time series

of April SST anomalies which were used to characterize warm and cool years.
Eight of the 14 years were warm (1997, 1998, 2000, 2003-2006, and 2010) in
April whereas there were 6 cool April years (1999, 2001-2002, and 2007-2009).
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Figure 25. Top two panels: cruise-specific near-bottom temperature and salinity for stations NHO5 (solid line with dots) and THO2 (dotted line with asterisks).
Bottom two panels: copepod density in vertical ring-net samples collected at stations NHO5 (Newport Line, 44.65°N, 124.18°W, 77 m) and THO2 (Trinidad Head
Line, 41.06°N, 124.27°W, 77 m), respectively. Dark lines indicate total copepod density. Horizontal series of circles indicate pooled density of selected species from
assemblages identified in Hooff and Peterson (2006): northern neritic (Calanus marshallae, Acartia longiremis, Acartia hudsonica, Centropages abdominalis), north-
ern oceanic (Metridia pacifica, Microcalanus pusillus), southern neritic (Acartia tonsa, Ctenocalanus vanus, Paracalanus parvus, Corycaeus anglicus), southern oce-
anic (Acartia danae, Calanus pacificus, Clausocalanus spp, Eucalanus californicus). Density scale for assemblage data is given by symbols to the right of the grey
line, which represent densities (from bottom to top) of 1, 10, 100, and 1000 copepods m-3.

Spawning anchovy also moved eastward in warmer
years, but the spawning range did not move toward
shore. In contrast to sardine, anchovy did not show any
detectable northward shift in warm years (fig. 26). Jack
mackerel appear to have expanded their range of spawn-
ing northwards in warmer years, yet did not exhibit a
corresponding move closer to shore (fig. 26).

It is important to note that this analysis is for an oper-
ationally defined region (San Francisco to San Diego)
for which the most extensive time series data (14 years)
are available. A similar analysis of data from the three
coastwide surveys (2006 warm, 2008 cool and 2010
warm vyears) suggests that northward shifts of both sar-
dine and anchovy are enhanced (and detected) during
warm years, but change little for jack mackerel. These
patterns are consistent with observations of consider-
able spawning of sardine off Oregon in some years, and
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the presence of anchovy eggs off the Columbia River
mouth. We anticipate that future analysis of coastwide
data sets will resolve responses of spawning distributions
to ocean conditions in greater detail as the time series of
coastwide surveys continues to grow.

Spawning distributions observed in spring 2011 pres-
ent a mixed picture of ocean conditions. The distribution
of sardine eggs resembles that of warm years, in that the
position of median egg density was coincident with that
observed for warm years (fig. 26). There was almost no
spawning of sardine in the Southern California Bight in
April 2011, and instead sardine spawned oft the south-
ern part of Central California (south of San Francisco),
including areas near to shore. This pattern was similar to
that observed in the warm years of 2004 and 2010, yet
differs from other years (e.g., 2002—05) during which
sardine spawned in the northwest portion of the survey



STATE OF THE CALIFORNIA CURRENT
CalCOFI Rep., Vol. 52, 2011

34 ¢ R 8
o 09
g 8 o 8
8
24
; R
3‘0: Siiiioc g
R i i
S Lo g Bigo
> ° ‘ ‘ : .
£ QH&BiEEQjE
<] — . :
50%:‘::‘;‘:—151‘3
= ::1115‘1“ L
9 o : Loy : ‘ s
EETel IS R = 2
= ! ! P ' o o)
%-nggm s L] 2
RS R AR N g
I I - |
24 o 8 8
E’O 8
° o
°o
-3
Ld3s s
D OO O O
oo OO O ©O O O
- — = (N N N
0.45 —
0.3 —|
0.15
40 —
38
o 36 -
e)
2
5
34
32
30
\ T
126 124 122 120 118 0.27 126 124 122 120 118 0.12 0.36
Longitude Longitude

Figure 26. Upper left panel: boxplots of satellite SST anomalies used to characterize spring temperatures as either warm or cool. Distributions of sardine (upper
right panel), anchovy (lower left panel) and jack mackerel (lower right panel) spawning observed between San Francisco and San Diego in anomalously warm com-
pared to anomalously cool years (n = 14 years). Marginal plots show the density distribution of sardine eggs in relation to latitude and longitude. Heavy black lines
show the position of the median density distributions in April 2006, 2010 and 2011. Cross hairs on the main plot show the location of the median density and the
25th and 75th inter-quartile range for the latitude and longitude. Ellipses show the 99% confidence interval for the bivariate density distribution of the eggs (i.e.,
0.5% of the distribution at the tails of each of the marginal plot density distributions are outside the ellipse).

region. In contrast, jack mackerel spawned to the west
of 122°W at 34-35°N, which is about 60 miles south
of where they usually spawn in warm years. Patterns
of sardine and jack mackerel spawning are consistent
with intermediate April conditions (i.e., neither notably

warm or cool). There was little anchovy spawning in
April 2011, consistent with expected timing of anchovy
spawning in late winter rather than coincident with the
spring survey.

In spring 2010, sardine eggs remained far less abun-
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Figure 27.
April DEPM cruises from 1994-2010.

dant than in years prior to 2007. Spawning biomass
Pacific sardine’ based on analysis of these data using
daily egg production methods suggests that Pacific sar-
dine biomass remains small relative to the late 1990s and
early 2000s (fig. 27). There is no evidence for an increase
in daily egg production in relation to increased average
sea surface temperatures observed in 2010.

Southern California Cetaceans

Visual surveys for cetaceans on quarterly CalCOFI
cruises found that the relative abundance of various spe-
cies of small cetaceans in 2010—11 was similar to that
observed for previous years with the exception of Dall’s
porpoise (Phocoenoides dalli) which exhibited the second
highest sighting rate observed for this species across the
seven-year sampling period. Colder than average water
temperatures in 2010-11 may have contributed to the
increased relative abundance of Dall’s porpoise as this
species is generally restricted to cold/temperate waters.
Relative abundance of baleen whales also increased from
previous years for three of four common baleen whale
species, fin whales (Balaenoptera physalus), humpback

13The spring 2010 California Current Ecosystem (CCE) survey was conducted
aboard one NOAA research vessel: Miller Freeman and a chartered fishing vessel:
F/V Frosti. Miller Freeman (April 2—22) covered the area off California from San
Diego to Monterey Bay (CalCOFI lines 95 to 66.7) and the F/V Frosti (March
28—April 28) covered the area from just south of Cape Flattery, Washington to
just south of Monterey Bay, California (48.07°N to 34.88°N, i.e., CalCOFI line
70). During the CCE surveys, CalVET tows, bongo tows, CUFES and trawls
were conducted aboard both vessels. After the CCE survey, the routine spring
CalCOFI survey was carried out aboard Miller Freeman from April 26—-May 17
to cover six lines from 93.3 to 76.6 and CalVET and bongo tows were taken.
Only data from CCE survey were included in estimation of spawning biomass
of Pacific sardines. Data from all spring cruises were used to examine the spatial
distributions of Pacific sardine, northern anchovy and jack mackerel.
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Year
Daily egg production/0.05m?2 of Pacific sardine (circle) (+ and — one standard error) and average sea surface temperature ('C) (diamond) during March-

whales (Megaptera noveangliae) and gray whales (Eschrich-
tius robustus), all of which were sighted at rates nearly
double the average, representing the second highest levels
observed for the three species across the seven-year study
period. The increase in sighting rates of large planktivo-
rous whales is likely to reflect behavioral responses abun-
dant prey resources in the region.

Despite the increase in sighting rates for several taxa,
the visual surveys did not detect substantial changes in
the cetacean assemblage off Southern California. While
annual species richness (average number of species per
km of effort) of cetaceans was similar to that observed
during previous years, species richness was higher in
spring 2010 and lower in summer 2010 relative to the
seasonal averages since 2004, despite sighting rates were
consistent with previous years’ efforts (data not shown).

Central California Pelagic Ecosystem

Analysis of catch composition and abundance of key
taxa from annual midwater trawl surveys'* oft Cen-
tral California indicated that 2011 continues the trend
observed in recent years towards increasing abundance
of species and assemblages that tend to thrive under cool,

14Observations reported here are based on midwater trawl surveys that target
small (1-20 cm) pelagic fishes and invertebrates conducted off central California
(a region running from just south of Monterey Bay to just north of Point Reyes,
CA, and from near the coast to about 60 km offshore) since 1990 (see Sakuma
et al. 2006 for methods and details on spatial extent of survey). Cruises cruises
have been conducted on the NOAA ship David Starr Jordan (1990-2008), the
NOAA Ship Miller Freeman (2009), the F/V Frosti (2010), and the F/V Excalibur
(2011). Data for the 2011 survey presented here are preliminary, and data
collected since 2009 do not account for potential vessel-related differences in
catchability. Data are reported as standardized anomalies from the log of mean
catch rates. Most taxa reported are considered to be well sampled, but the sur-
vey was not designed to accurately sample krill.
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Figure 28. Long-term standardized anomalies of several of the most frequently encountered pelagic forage species from the central California rockfish
recruitment survey in the core region (1990-2011 period only, not all taxa were recorded from 1983-89).
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productive conditions, and a return to ecosystem char-
acteristics similar to those seen in the early 1990s and
early 2000s (fig. 28). In 2011, juvenile rockfish (Sebastes
spp.), market squid (Loligo opalescens), and other ground-
fish (such as Pacific hake [Merluccius productus], shown,
and Pacific sanddabs [Citharichthys sordidus]|, not shown)
were at their highest levels since the early 2000s and
early 1990s. By contrast, the coastal pelagic forage spe-
cies (adult northern anchovy and Pacific sardine) were
at low levels in 2010 and 2011, although this is likely
a greater reflection of their local availability and ocean
conditions rather than their coastwide or regional abun-
dance. Euphausiids continued to be abundant, but less so
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than in 2008—10. For the second year in a row, no Hum-
boldt squid were captured during the survey.

Trends observed in the six indicators shown in Fig-
ure 28 are consistent with trends across a number of
other taxa within this region. Results from a Principal
Components Analysis of annual catch data'> highlight

15Principal Components Analysis (PCA) was applied to the covariance among
fifteen of the most frequently encountered species and species groups, yielding
strong loadings for various young-of-the-year groundfish taxa (rockfish, Pacific
hake, rex sole and sanddabs), cephalopods, and euphausiids, with slightly weaker
(and inverse) loadings for Pacific sardine, northern anchovy, and several species
of mesopelagic fishes. The first and second components explain 39% and 14%
of the variance in the data respectively (representing strong covariance among
young-of-the-year groundfish, cephalopods and euphausiids, which in turn tend
to be negatively correlated with coastal pelagic and mesopelagic fishes).
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Prin2

Prin1

Figure 29: Temporal changes in pelagic ecosystem structure off central California based on PCA of the fourteen most frequently encountered species groups in
the NMFS midwater trawl survey. Data are take from stations in the core area (Point Reyes to Monterey Bay) from 1990-2011.

changes in the midwater assemblage over time: the clu-
peoid-mesopelagic group was prominent during the
1998 El Nifio and during the anomalously warm years
2005-07, while the groundfish group prospered during
the early 1990s, the cool-phase between 1999 and 2003,
and most recently from 2009 through 2011 (fig. 29).
As with the 2009 and 2010 data, results from 2011 con-
tinue to represent a return towards conditions similar to
the 1999 to 2003 period for many groups, while oth-
ers are at moderate levels that approximate long term
mean conditions.

Seabirds Off Central and Southern California
Two data sets provide observations on seabirds off the
California coast: estimates of reproductive success of sea-
birds on the Farallon Islands!®, a major breeding colony
for several seabird species, and at-sea densities of seabirds
from ship surveys off southern California'’. Observations
from SE Farallon Island indicate that the 2010 breeding
season was extraordinarily successful for most seabirds on
the Farallon Islands, with many species having their best

16See Warzybok and Bradley 2010 for a description of methods.

17Surveys of marine birds have been conducted in conjunction with seasonal
CalCOFI/CCE-LTER cruises since May 1987 (84 surveys through July 2010).
Observations are collected by experienced observers, who identify and count
seabirds within a 300 m wide strip transect while the ship is underway at speeds
>5 k (see Yen et al. 2006 for details). Relative abundance is expressed as density
of birds at sea (birds km2).
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breeding year since 2004 (Warzybok and Bradley 2010).
Productivity of Cassin’s auklets (Ptychoramphus aleuticus)
was the highest ever recorded for this species, due in
part to unprecendented high rates of successful double
brooding (the fledging of a second chick after a suc-
cessful first attempt) (fig. 30). Among the piscivorus sea-
birds, common murres (Uria aalge) and rhinoceros auklets
(Cerorhinca monocerata) had their highest level of breed-
ing success in the last 20 years (fig. 30). Productivity of
pigeon guillemots (Cepphus columba) exceeded the long
term mean for the first time since 2004 (fig. 30). Pelagic
cormorants (Phalacrocorax pelagicus) showed a second year
of strong productivity after 4 years of near breeding fail-
ure (fig. 30). The high productivity of these species is
likely to reflect elevated productivity in the Gulf of the
Farallones during spring and summer 2010: euphausi-
ids and juvenile rockfish were both highly abundant. In
contrast, western gulls (Larus occidentalis) had their poor-
est year on record, and Brandt’s cormorants (Phalacroco-
rax penicillatus) continued to suffer very low reproductive
success though they did manage to fledge a small num-
ber of young this season after two years of near complete
breeding failure (2008-09) (fig. 30).

Off southern California, at-sea densities of sooty
shearwater (Puffinus griseus) showed an increase in rela-
tive abundance in 2009 and 2010, despite a long-term
decline that has persisted across seasonal and multiyear
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Figure 30. Anomalies of productivity (annual productivity —long-term mean) for 8 species of seabirds on SE Farallon Island, 1971-2010. Dashed lines represent
80% confidence intervals for the long-term means. Species are Brandt’s cormorant (Phalacrocorax penicillatus; BRCO), western gull (Larus occidentalis; WEGU),
pigeon guillemot (Cepphus columba; PIGU), Cassin’s auklet (Ptychoramphus aleuticus; CAAU), pelagic cormorant (Phalacrocorax pelagicus; PECO), common murre
(Uria aalge; COMU), rhinocerous auklet (Cerorhinca monocerata; RHAU), and ashy storm petrel (Oceanodroma homochroa; ASSP).
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Changes in relative abundance (birds km-2) of sooty shearwater (Puffinus griseus) and Cassin’s auklet (Ptychoramphus aleuticus) observed during Cal-

COFI surveys, May 1987-July 2010. Bars denote summed seasonal density estimates (stacked bars), with a Lowess smoothing (bandwidth=0.3) line shown for

each species.
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Figure 32. Catches of juvenile coho (black bars) and Spring Chinook (grey
bars) salmon off the coast of Oregon and Washington in June and Septem-
ber, from 1998-2010.
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(e.g., peak-to-peak) temporal scales (fig. 30). In contrast,
at-sea densities of Cassin’s auklet (Ptychoramphus aleuti-
cus) off southern California were observed to decline in
2009 and 2010 (fig. 31). Although both shearwaters and
auklets are species with cold-water affinities (Hyrenbach
and Veit 2003) that have spatial associations with euphau-
siids (Santora et al. 2011), these divergent temporal pat-
terns are consistent with differences in life history of the
two species. Shearwaters are (austral) wintering migrants
from southern hemisphere (Shaffer et al. 2006), and are
likely to respond more directly, in terms of abundance
and distribution, to the distribution and density of local
prey resources. Auklets breed in the CCS (Abraham and
Sydeman 2004) and thus can be expected to have a
more complex response to changes in prey availability.
For example, in years when auklet breeding effort was
compromised by poor prey availability in the Gulf of
the Farallones (e.g., 2005 and 2007), auklets abandoned
their major breeding site on SE Farallon Island and may
have moved south in search of prey (Sydeman et al. 2006,
2009). In contrast, the high abundance of euphausiids
and other prey in the Gulf of the Farallones during 2009
and 2010 would not force such emigration.

Pelagic Fishes Off Oregon and Washington!8
Catches of juvenile salmonids in pelagic rope trawl

surveys were about average in June 2010 but very low

by September 2010, including the second lowest num-

18For information on methods and sampling locations for the juvenile salmon
surveys, see http://www.nwfsc.noaa.gov/research/divisions/fed/oeip/
a-ecinhome.cfm. Data on pelagic predatory and forage fishes are from ongoing
bimonthly surface trawls conducted from May to August off the Columbia
River and Willapa Bay. See Phillips et al. 2009 for details on methods used for
sampling larval and juvenile fishes.
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Figure 33. Annual average densities of predatory fishes (left panel) and forage fishes (right panel) captured off the Columbia River/Willapa Bay by nighttime sur-

face trawling between May and September.

ber of coho salmon (Oncorhynchus kisutch) caught in the
13 year time series (fig. 32). This pattern is similar to that
observed in 2009, in which moderately high abundances
of juvenile salmonids in summer appear to have not car-
ried through into the fall.

In 2010, average densities of predatory fishes!
between May and September oft Oregon and Washing-
ton were the lowest observed during the 13 year study
period (fig. 33a). In contrast, average density of aggre-
gate forage fishes off Willapa Bay (north of the Colum-
bia River) in 2010 reached its highest value since 2003,
and fourth highest overall (fig. 33b). This pattern was
not consistent across species. Whitebait smelt (Allos-
merus elongatus) and Pacific herring (Clupea pallasi) were
both abundant. Migratory species with more south-
ern affinities showed a different pattern: Pacific sardine
(Sardinops sagax) catches were the lowest in the 13-year
time series, and those of northern anchovy (Engraulis
mordax) were the lowest since 2006 (the fourth lowest
overall; fig. 32b).

Along the Newport Hydrographic Line, nearshore
concentrations of larvae were higher in winter 2010 than
in any winter since 1998 (data not shown; Auth et al.,
in prep.). This concentration of larval fishes near the
coast during the early (EI Nifo) period of 2010 (includ-
ing offshore taxa) was also marked by unusual onshore
distributions of offshore taxa and the presence of taxa
with more southern affinities, but these patterns were
strongly reversed following the transition to La Nina
later in spring 2010 during which low nearshore con-
centrations of larval fishes occurred (Auth et al., in prep.).

The transition from El Nifio to La Nina also influ-
enced the distribution and structure of the ichthyo-
plankton assemblage in the northern California Current.
Surveys off Oregon and Washington encountered rela-

19This analysis focuses on four common species of predatory fishes: chub mack-
erel (Scomber japonicus), jack mackerel (Trachurus symmetricus), adult Pacific hake
(Merluccius productus), and spiny dogfish (Squalus acanthias). Juvenile (yearling)
Pacific hake are not yet piscivorous at the ages and sizes present in the collec-
tions, and so are not included in the estimates of predatory fish density.

tively low concentrations of larval fishes (primarily rock-
fishes Sebastes spp.) in June and September 2010 (fig. 34).
Among the assemblage of juvenile fishes, rockfishes and
flatfishes showed a marked increase from low numbers
in June to the highest catches recorded, but Pacific hake
were notably rare in 2010 (fig. 34). Moreover, the mean
size of juvenile rockfish caught in September was the
highest recorded in this survey, suggesting that growth
was strong during the spring and summer. Juvenile
northern anchovy were relatively abundant in June 2010
(similar to levels observed in 2005), but, in contrast to
2009, made up only a minor component of the assem-
blage in September 2010 (fig. 34).

Humboldt Squid

The presence of Humboldt squid (Dosidicus gigas) in
the CCS appears to have declined to trace levels. In con-
trast to the record numbers encountered in 2009, no
squid were captured by either of the two trawl surveys
reported above, and relatively few squid were captured
during fall sampling and in the hake fishery.

DISCUSSION

The state of the California Current system (CCS)
since spring 2010 has evolved in response to the devel-
opment of cooler La Nifia following the dissipation of
the relatively weak and short-lived El Nifio event of
2009-2010 (Bjorkstedt et al. 2010). The 2009-2010 El
Nino appears to have dissipated quite rapidly in early
spring 2010, yet the transition to anomalously cool con-
ditions followed somewhat later with the onset of anom-
alously strong upwelling throughout the CCS in summer
2010. Patterns in winds and sea surface temperature
reported at several moorings along the coast were cor-
roborated by remotely sensed surface current fields that
captured the signature of intense upwelling throughout
much of the CCS in the spring and summer of 2010.
Moreover, the broad patterns discerned from coastwide
observations were also reflected in the unusually cool

63



STATE OF THE CALIFORNIA CURRENT

CalCOFI Rep., Vol. 52, 2011

o (O,)ameladwe uesy

cl

€l

L

gl

9l

Ll

8l

's|ielep Buiidwes Joj 00z ‘Ie 1@ sdijiiud 99S "(01-00g) JeaA yoes Jo (uwnjoo puey ybu) Jaqusideg pue (UWNjOD puey Ua|) dUNP Ul PAIONPUOD SBSINJO IO} BIEP YSl 8Y} YUM A[JUsiinduod pajos|joo
uwn|oo Jayem ay} Jo w Qg Joddn sy} woly (Wo30qg) suolesuaouod ||Aydoiojyo pue ainjesadws) uesw pue sailsusp ysl (8|ppiw) ajiusAnl pue (doy) [eAse| 10} BXe)} JUBUILIOP 8U} JO SallISUsp UBS| “pg ainbiy

olog 6002 200¢ 2002 9002 S00g jZ00]4
1 1 1 1 1 1 1 OD
0. S0
y Ve
/ Lot
F S
- 0¢
/R F &8¢
o€
oLog 6002 2002 00¢ 9002 S002 jZ004
1 1 1 L 1 1 1 D
INENEEE] I Dm
- 0ol
| I osL
i I DDN
—— - osz
sajiuaAnp
00g
olog 6002 8002 002 9002 S00g 002
1 1 1, 1 1 1
8]
000 ST [5505e] 5 ]
[R5 !
el
558505
.700000‘0 - oL
550
[650505¢
50508
S50
[525¢50
[S50KR
[ roe
[5353503 ysuyeld .
R | asey owoed [
Wono»»» ysippoY I
Anoyouy 7 0
Haty seneT
Jagquiaidas

¢-

. w Bw) |Aydolojoyo ues
(;w 0L/ ©N) Ausueq 0 (W Bu) iAydoiooyo uesp

(W 0L/ oN) Aysueq

o (0 .) aneiadws) uesy

L

gl

el

4]

Gl

ol

oLoz

800z

8002

00z

8002

s002 002

1 1 1 1 1 OO
=
D
[
=]
50 4
=
o
]
FolL 2
=
=
Lol 3
3,
0Z
0L0Z 6002 800¢ 1002 9002 500z ¥00Z
b B e Zd e
-oor
3
Q.
@
-oog
z
o
- oogl
09
- 009k We
sojluUaAnp
0002
0L0Z 6002 8002 1002 9002 5002 002
1 - 1 L 1 . 1 - 1 L O
o0z o
[]
3
L ooy &
~
Loos &
uysijeld I ./
axey oued EEHH L 0g O
usipoy XA ws
Anoyouy 77 I
aBAIET
oozt
aunp

64



STATE OF THE CALIFORNIA CURRENT
CalCOFI Rep., Vol. 52, 2011

conditions observed during ship surveys throughout the
CCS in summer 2010 (off Oregon and California) and
fall 2010 (Baja California), some of which encountered
the coldest (spatially averaged) conditions within the
respective surveys’ observational record.

Although the transition to cooler conditions was
reported throughout the CCS, several factors contrib-
uted to continued regional variability in the response of
the CCS to climate forcing. In particular, important dif-
ferences continue to be observed between the northern
and southern portions of the CCS, which appear to be
related to regional differences in the timing, direction,
and magnitude of climate forcing. For example, whereas
the return to cooler conditions in spring and summer
2010 was fairly general across the CCS, regional vari-
ability was clearly evident in the fall when anomalously
warm SST emerged briefly in the northern CCS while
temperatures remained anomalously low in the south-
ern portion of the CCS. This pattern correponds with
the decline from strong positive to moderately nega-
tive anomalies in upwelling, such that upwelling per-
sisted in the south, but effectively relaxed in the north.
Regional variability was also apparent during winter
2010 and into early 2011. During this period, the north-
ern CCS was affected by highly variable winds, includ-
ing strong downwelling events associated with winter
storm activity that persisted well into spring 2011 and a
prolonged period of quiescent winds in midwinter 2011.
In contrast, the southern CCS appears to have experi-
enced more consistent upwelling at near normal levels
throughout the year.

Ecosystem responses to the transition from El Nifno
to La Nina follow some predictable patterns, such as the
increase in phytoplankton (as indexed by chl a) in sev-
eral regions, particularly those areas most directly influ-
enced by coastal upwelling. Observations of zooplankton
and higher trophic levels in several regions suggest
responses that are also consistent with cooler, presum-
ably more productive, conditions. Interestingly, however,
the regional variability observed in the strength and
timing of the transition from El Niflo to La Nifa and
subsequent evolution of climate forcing and responses
across the CCS appears also to manifest in the sev-
eral different ecosystem data sets that were considered
here. For example, oft central California, the nektonic
assemblage continued its trend towards a “cool con-
ditions” assemblage into 2010 and 2011, and several
species of seabirds that depend on this euphausiid-
groundfish rich nektonic assemblage fared exceedingly
well in 2010 despite the El Nifo. Likewise, the recent
resurgence of crustacean zooplankton off Baja Califor-
nia points to increased enrichment and productivity. A
similar response was not apparent in spatially averaged
zooplankton data for southern California, but increased

densities of migratory seabirds and planktivorous ceta-
ceans are consistent with a more productive ecosystem.
In contrast, the copepod assemblage oft Oregon, which
is a useful indicator for salmon productivity, did not
recover rapidly and retained some characteristics of the
assemblage observed during the transition from La Nifa
to El Nino in 2009, despite the onset of strong upwell-
ing in early summer 2010. Juvenile salmon oftf Oregon
also showed a sharp decline in abundance over the sum-
mer comparable to that observed during the onset of
the 2009-2010 El Nino, yet, this occurred under con-
sistently cool conditions, suggesting that prey availability
and quality may have affected survival, with tempera-
ture proving less useful than prey data as an indicator
of salmon productivity.

Interpretation of ecosystem responses to climate vari-
ability is likely to be confounded by inertia in ecosystem
dynamics related to population dynamics and persistent
effects of transport that preclude or blur “instantaneous”
response to climate forcing. For example, while phy-
toplankton may respond rapidly to enrichment events,
zooplankton and higher trophic levels may be as or more
sensitive to “pre-conditioning” of the ecosystem dur-
ing the winter (Black et al. 2010), to the standing stock
based on productivity or transport events during the pre-
vious year, or to dynamics unfolding over longer time
scales. For example, the persistence of copepod species
with southern affinities in the northern CCS into 2010
may reflect lingering effects of poleward transport, and
changes in distributions of pelagic fishes throughout the
CCS may integrate the consequences of and responses
to conditions in previous years. The potential role of
unusual species interactions in the dynamics of higher
trophic levels must also be considered, e.g., the potential
effects of high abundances of Humboldt squid (Dosidicus
gigas) in recent years may have contributed to reductions
in pelagic fishes (Litz et al., this issue).

Several recent trends or novel observations warrant
further consideration and closer examination in future
reports. For example, data from the southern regions
(CalCOFI and IMECOCAL surveys) have indicated a
freshening trend in the upper water column. How per-
vasive this trend might be throughout the CCS is of
interest, as it may be indicative of recent strengthening of
the California Current and enhanced equatorward trans-
port of subarctic water. Likewise, the unusual increase
in nitrate concentration within the CalCOFI region
requires additional consideration and, ideally, compar-
ison to analogous data sets elsewhere along the coast.
Trends in the composition of the zooplankton commu-
nity (e.g., changes in the dominance of gelatinous taxa,
as reported off Baja California) also bear further exami-
nation to determine the scale at which such dynamics
unfold in the CCS.
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To summarize, observations of the state of the CCS
during 2010 and early 2011 capture the development of
cooler La Nina conditions throughout the CCS, but con-
tinue to indicate substantial regional variability in how cli-
mate variability measured by basin-scale indices manifest
locally. Off southern California, the effects of both the
2009-2010 El Nino and subsequent return to La Nifa
conditions appear to have had modest effects on the sys-
tem, and the patterns that attract interest appear to be
unfolding over longer time scales (e.g., freshening of upper
water column and trends in nitrate and oxygen concen-
trations). In contrast, the northern California Current has
exhibited much more dramatic short-term changes over
the past two years, due in part to greater variability in
environmental forcing affecting this region. At the time of
writing, tropical conditions are ENSO neutral and forecast
to remain so into fall 2011 and possibly into early 201220,
yet the PDO remained strongly negative into summer
2011. It is therefore uncertain whether the return to cool
conditions observed in the past year will continue to gov-
ern the state of the California Current.

Looking forward, we note that several questions are
raised by the recent perception of regional structure in
the way the CCS responds to climate variability, a per-
ception supported by several data sets reviewed in this
paper and in previous reports in this series (Goericke
et al. 2005; Peterson et al. 2006; Goericke et al. 2007;
McClatchie et al. 2008, 2009; Bjorkstedt et al. 2010).
Moreover, of the several spatial and temporal modes
of climate variability that influence the CCS (Mantua
et al. 1997; Wolter and Timlin 1998; Ashok et al. 2007;
Di Lorenzo et al. 2008), some, particularly those asso-
ciated with El Nino Modoki, have been strengthen-
ing in recent decades, and exhibit spatial patterns
that vary within the domain of the CCS (Messié and
Chavez 2011). The possibility for emergent or enhanced
regional variability in the CCS to be a consequence of
climate forcing clearly warrants closer scrutiny. Ideally,
these questions will be amenable to more comprehen-
sive analysis of data sets from established research and
observing programs, but are also likely to profit greatly
by integrating data from the several coastwide surveys
that have been established in recent years. Such efforts
should yield deeper insight to the scale and magnitude
of regional variability in responses to climate forcing.
Just as importantly, we expect that such efforts will also
provide greater opportunity for connecting to ongoing
efforts to develop and enhance ecosystem assessments
for the California Current.
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ABSTRACT

Larval Genyonemus lineatus and Seriphus politus col-
lected using bongo frames fitted with 0.333 mm mesh
nets between December 2003 and September 2004 off
Huntington Beach, California, were examined to charac-
terize their daily growth patterns. Samples from one net
were fixed in a 4% buffered formalin-seawater solution
while those from the other net were preserved in 70%
ethanol. All formalin-fixed samples were transferred to
70% ethanol ~72 hours after collection. Growth was best
described by a linear equation for G. lineatus (L = —0.833
+ 0.242A; R? = 0.84) and a power function for S. poli-
tus (L = 0.825 X A%047; R2 = (.76). Sufficient S. politus
were available to analyze seasonal effects on growth rate;
no significant differences were detected. No significant
difference in the S. politus growth rate between pres-
ervation media was detected for samples collected on
September 1, 2004.

INTRODUCTION

Life-history parameters of nearshore marine fishes are
critical both in understanding fish species, and for their
proper management through stock assessment modeling
(e.g., Hill et al. 2006). Typically, population estimates and
power plant entrainment/impingement impact analyses
are based on demographic models (e.g. Adult Equivalent
Loss and Fecundity Hindcasting) incorporating multi-
ple life history parameters, such as maximum age, size
and age at maturity, fecundity (annual or total lifetime),
growth rate (adult or larval), stage-specific mortality/
survival rate, and spawning seasonality (Goodyear 1978;
Parker 1980; Jensen et al. 1982; Saila et al. 1997; Lo et al.
2005; Newbold and Iovanna 2007). Sufficient research
effort into these parameters has been generally limited
to commercially important species, such as northern
anchovy, Engraulis mordax, and Pacific sardine, Sardinops
sagax (Hunter and Macewicz 1980; Butler et al. 1993;
Lo et al. 1995; Butler et al. 1996; Lo et al. 2005). Sub-
stantially less information is available for recreational and
forage species (Cailliet et al. 2000).
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Recent power plant once-through-cooling impact
characterizations have been hindered by the aforemen-
tioned lack of life-history information (MBC and Tenera
20052).The lack of basic parameters precluded nearly all
of the demographic models in these assessments, thereby
limiting the analysis to proportional models (Boreman et
al. 1981; McCall et al. 1983). Problems with population
assessments, including power plant impact characteriza-
tions, are most glaring when insufficient data are avail-
able for either demographic or proportional models. This
becomes pertinent in southern California where white
croaker, Genyonemus lineatus, and queenfish, Seriphus poli-
tus, each historically ranked among the most frequently
encountered species during shallow (<60 m deep) open-
water intake and discharge environmental monitoring
(Allen and DeMartini 1983; Love et al. 1986; Stull and
Tang 1996). Furthermore, larvae of both species have
been commonly taken during nearshore southern Cali-
fornia plankton sampling (Barnett et al. 1984; Lavenberg
et al. 1986; Walker et al. 1987; McGowen 1993) includ-
ing the shallowest California Cooperative Oceanic Fish-
eries Investigations (CalCOFI) stations located near the
coast (Moser et al. 2001). Limited life-history informa-
tion substantially hindered their management and anal-
ysis in environmental impact assessments despite their
commonality in the area and apparent recent population
declines (Miller et al. 2009). Prior, unpublished studies
of this topic used samples collected in 1978 and found
a linear relationship between age and growth as well as
significant seasonal differences in both species (Barnett
and Sertic 19803). Therefore, this project was designed
to reexamine their larval age and growth. The effect of
formalin fixation on otolith-based age estimation was
also evaluated given the availability of simultaneously
collected samples which were initially exposed to etha-
nol or formalin.

2MBC Applied Environmental Sciences and Tenera Environmental, Inc. 2005.
AES Huntington Beach L.L.C. Generating Station Entrainment and Impinge-
ment Study Final Report. April 2005.

3Barnett, A. M. and P. D. Sertic. 1980. Growth rate of larval queenfish (Seriphus
politus) and white croaker (Genyonemus lineatus) off San Onoftre, California,

in 1978. In summary report to W. Murdoch, Marine Review Committee,
September 17, 1980.
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MATERIALS AND METHODS

All larvae were collected in a sampling grid centered
offshore of Huntington Beach, California (33.64°N
117.98°W) during monthly sampling from December
2003 to September 2004 inshore of the 22-m isobath.
Sampling consisted of oblique bongo net tows from the
seafloor to the surface with 333-um mesh nets fitted
with calibrated lowmeters conducted during four sam-
pling events in each 24-hr sampling day (~1200, ~1800,
~0000, ~0600 hrs). The contents of one net from each
deployment were fixed in a 4% buffered formalin-
seawater solution while the other net was preserved
in 70% ethanol. After survey completion, ethanol sam-
ples were archived and the formalin-fixed samples were
washed and transferred to 70% ethanol for sorting and
identification ~72 hours after collection. All formalin-
fixed samples were sorted to remove, identify, and enu-
merate ichthyoplankton in support of MBC and Tenera
(20052). Preserved ethanol samples corresponding to
formalin-fixed samples with comparatively high abun-
dance of either target species were later sorted to pro-
vide samples free from formalin exposure.

Plankton shrinkage due to preservation was not
quantified, so no adjustment to larval length was made.
Furthermore, the technique utilized for the sample col-
lection and processing was consistent with those used
in all recent power plant once-through-cooling impact
studies completed in the Los Angeles and Orange
County areas (e.g. MBC and Tenera 20052). Individu-
als of each species were measured by capturing digi-
tal images through a video stereoscope and processing
them through image analysis to measure length (L) to
the nearest 0.1 mm notochord length (prior to flexion)
or standard length (post-flexion). Both sagittal otoliths
were removed from each individual under stereoscope
magnification using reflected light, mounted on a glass
slide using immersion oil, and viewed under compound
microscopy (400-1000X magnification) using transmit-
ted, polarized light. Daily increments were counted from
the core to the edge during two independent readings
separated by a minimum of one week. Specimens lacking
agreement between the two initial readings were read a
third time for confirmation. If no confirmation could be
made after the third reading, the sample was excluded.
Based on laboratory-reared larvae and the assumption
that sagittal otolith formation coincides with yolk-sac
absorption, Barnett and Sertic (19803) concluded otolith
formation occurs at two days post-hatch in queenfish
and five days post-hatch in white croaker. Final esti-
mated ages in the current study incorporate these find-
ings by adding the species-specific constant (2 or 5) to
each increment count. Temporal differences in queenfish
growth rate between June—July 2004 (n = 43) and August
2004 (n = 69) were compared using analysis of residual
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Figure 1.  White croaker daily age and growth derived from increment analy-
sis of 48 specimens collected between December 2003 and September 2004
offshore of Huntington Beach, California. The linear regression accounted for
84% of the variance (R2 = 0.84): L = -0.833 + 0.242A.

sum of squares (ARSS) derived by non-linear regres-
sion (Haddon 2001).This technique was also used to test
differences in derived growth curves based on preser-
vation technique for queenfish collected on September
1, 2004. Similar analyses were not completed for white
croaker due to the small sample size of formalin-fixed
larvae. Lastly, the linear growth curves for all individuals
combined, by species, for specimens collected in 1978
and 2004 were compared using a Mann-Whitney U
test and the mean absolute difference between the two
growth estimates was derived. The 1978 and 2004 mean
annual sea surface temperature (SST) collected at the end
of the San Clemente Pier in San Clemente, California
was gathered from the Scripps Shore Stations Program
database (SIO 2011). San Clemente Pier is located near
the San Onofre sampling sites while the Newport Pier
in Newport Beach, California is located closer to the
2004 Huntington Beach sampling sites. The question-
able validity of the SST recorded at the Newport Pier
during the 2004 sampling excluded its use in this analy-
sis (M. Carter personal communication®).

RESULTS

White croaker (n = 48) ranged from 1.8 to 10.2 mm
L and were primarily recovered from ethanol samples
(n = 47), mostly taken in May and July 2004. Queenfish
(n = 122) ranged from 2.5 to 10.5 mm L and were from
both ethanol (n = 74) and formalin-fixed (n = 48) sam-
ples, mostly taken in July and September. White croaker
specimens ranged in development from pre-flexion to
post-flexion. No yolk-sac or transforming individuals
were collected during the survey and therefore not avail-
able for analysis. The smallest individual was 1.84 mm
L at an estimated age of 10 days while the largest speci-

“M. Carter, Scripps Institution of Oceanography, June 24, 2010
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Figure 2. a) Queenfish daily age and growth derived from increment analysis
of 122 specimens collected between December 2003 and September 2004
offshore of Huntington Beach, California. The non-linear regression accounted
for 77% of the variance (R2 = 0.76): L = 0.825 x A%647. b) Daily age and growth
of a subset of queenfish collected on September 1, 2004 and initially fixed
in either 70% ethanol (n = 74) or a 4% buffered formalin-seawater solution
(n = 48). The linear regression captured 66% of the variance in the ethanol-
preserved distribution (R2 = 0.66) and 85% of the variance in the formalin-fixed
distribution (R2 = 0.85).

men was 10.18 mm L at an estimated age of 38 days.
Larval white croaker daily growth was best described
by the linear relationship L = —0.833 + 0.242A (R?> =
0.84; fig. 1).

Queenfish ranged in size from 2.50 mm L at nine
days old to 10.08 mm L for a 47-day-old individual.
The majority of all individuals were between 3.00 mm
L and 6.50 mm L. As with white croaker, no yolk-sac
or transforming individuals were collected during the
sampling offshore. Their growth rate gradually slowed
with increasing length which resulted in it being best
described by the power function: L = 0.825 X A0-647 (R2
= 0.76; fig. 2a). No effect of seasonality was detected
in the queenfish examined. Growth rates of queenfish
hatched in June or July exhibited no significant dif-
ferences in growth rate from those hatched in August
(ARSS, F 14 = 1.82,p = 0.17; fig. 3). The growth rates
of 90 queentfish taken on September 1, 2004 were ana-
lyzed for differences in their derived growth based on
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Figure 3. Queenfish age at length based on back-calculated hatch date. Non-
linear regression captured 88% of the variance (R2 = 0.88) in the distribution for
those hatched in June and July (n = 43) and 64% of the variance (R2 = 0.64)
in the distribution for those hatched in August (n = 69). All samples collected
offshore of Huntington Beach, California in 2004.

the initial preservative used. Twenty-five specimens were
initially fixed in buffered-formalin with the remaining
65 fixed and preserved in ethanol. No significant dif-
ference in growth rates based on preservative type was
detected (ARSS, F gg = 2.43,p = 0.09; fig. 2b).

The queenfish growth rates derived from samples col-
lected in 1978 and 2004 consistently differed by two
days (fig. 4a). Specimens collected in 2004 were larger
at each age than those taken in 1978. This difference
was significant (Mann-Whitney, U = 6182.5, df = 121,
p = 0.02).The two larval white croaker growth rates dif~
fered by nearly 5 days (£ 0.5, standard error), on average,
with the 1978 specimens older at each length in 81% of
the specimens (fig. 4b). This difference was also signifi-
cant (Mann-Whitney, U = 837.5,dt = 47,p = 0.02).The
mean annual SST at the end of the San Clemente Pier
in 2004 was ~0.9°C warmer than in 1978.

DISCUSSION

The formation of daily increments on sagittal otoliths
has been repeatedly confirmed in both laboratory-reared
and wild-caught larvae (Victor 1982;Victor and Brothers
1982; Jones 1986; Peters and McMichael 1987; David et
al. 1994). Larval daily growth patterns have been exten-
sively studied in red drum, Sciaenops ocellatus, along the
Gulf and Atlantic coasts (Peters and McMichael 1987;
Cowan 1988; Comyns et al. 1989), but little research has
been published in the primary literature on the South-
ern California Bight sciaenids. The current research is
one of the first attempts to provide similar information
on these sciaenids.

Both queenfish and white croaker exhibited steady
somatic growth throughout the larval period between
nine (queenfish) and 10 (white croaker) days old to 35
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Figure 4. Linear descriptions of the larval growth rates for a) queenfish and
b) white croaker based on samples collected in 1978 (Barnett and Sertic 19803)
offshore of San Onofre, California and in 2004 offshore of Huntington Beach,
California.

days old or less. Larval growth rates in each species were
well described by either linear or power functions with
>75% of the variation captured by the model for each
species. To date, no studies of the larval growth of wild-
caught specimens of Southern California sciaenids have
been published in the primary literature, thereby limiting
the direct comparison of current results to other local
species. A prior technical report by Barnett and Sertic
(19803) on this topic revealed some measured differences
in the growth rates between the two sampling periods
separated by over 25 years. In both studies, queenfish
grew at a similar rate, but the more recent individuals
were consistently two days older than was predicted by
the Barnett and Sertic (1980%) model. This resulted in
a significant difference between the two predicted ages
at each length. Greater differences in growth rate were
observed in the 1978- and 2004-collected white croaker
(fig. 4). White croaker grew at a significantly faster rate
in 2004 than the prior model predicted. Exact causes
for this were outside the scope of this investigation, but
the warmer SST likely contributed to this (Jones 2002).
While the prior studies by Barnett and Sertic (19803)
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identified significant differences in seasonal growth
patterns, no evidence of seasonal growth patterns in
queenfish was observed in the current study. This is con-
trary to similar studies on sciaenids, especially among
Atlantic- and Gulf-coast sciaenids (Jones 2002).

Butler (1992) reviewed preservation techniques used
for specimens destined for larval otolith analysis and
commented that while the exclusive use of ethanol was
recommended (Brothers et al. 1976; Methot and Kramer
1979), several studies had successfully used specimens
fixed in up to 10% buftered formalin. Direct compari-
sons by Kristoffersen and Salvanes (1998) found a 4%
seawater-formalin solution resulted in less weight loss in
preserved larval fishes and no significant changes to their
otoliths. Our results agree with both Butler (1992) and
Kristoffersen and Salvanes (1998) in that no significant
difference was identified in the derived growth rates of
queentfish taken on the same day but exposed to different
preservatives (fig. 2). In fact, more consistent results were
obtained from the formalin-fixed samples. The storage
medium pH was not monitored, so potential etching
due to acidic effects on the otoliths cannot be verified,
but increments on the formalin-fixed queenfish otoliths
were noticeably more defined than their ethanol coun-
terparts. It should be noted, however, that no larval sam-
ples remained in the 4% seawater-formalin solution for
greater than 80 hrs from the time of collection before
being transterred to 70% ethanol.

These results (daily growth and preservative effects)
help to advance the understanding of two fishes com-
mon to the Southern California Bight. Given their fre-
quency in monitoring surveys and potential significance
to nearshore ecology, greater understanding of their basic
life-history parameters is critical for their effective man-
agement. Daily growth is one of the more commonly
used parameters which, until now, was not readily avail-
able for these species. While daily growth for queenfish
and white croaker does not, by itself, provide for the
usage of demographic models, it nevertheless fills a crit-
ical gap. Furthermore, the confirmation that specimens
fixed in a formalin-seawater solution are not unusable,
but rather may be more resolvable for ageing, supports
the revisiting of archived collections that may hold
untapped scientific value.
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ABSTRACT

In an effort to better characterize the spatial dynam-
ics of the assemblage, the demersal fish communities
throughout the Southern California Bight (Point Con-
ception, California to the United States-Mexico border)
were sampled in 2008 utilizing standardized methods
under an interagency program. Otter trawl sampling was
conducted in habitats ranging from select bays and har-
bors out to the upper continental slope. Pacific sanddab
(Citharichthys sordidus) was the most commonly caught
species and contributed the greatest biomass. The catch
compositions at each site generally segregated along
depth gradients, but not latitudinal gradients except for
within the bay/harbor strata. The largest catches were
recorded in the central area, which includes the Santa
Monica Bay and the Los Angeles—Long Beach harbors.
Offshore densities peaked along the middle and outer
shelf (30—200 m depth). Species diversity was compar-
atively stable and elevated along the deeper portions
of the continental shelf relative to the inner shelf (<31
m depth) with the minimum diversity recorded in the
southern portion of the inner shelf.

INTRODUCTION

The Southern California Bight (SCB) is a diverse
area characterized by heterogeneous habitats (Dailey et
al. 1993); the convergence of the cold southward flowing
California Current and the warm poleward flowing Cal-
ifornia Countercurrent (Hickey 1992); a variable width
continental shelf; and multiple, densely populated, met-
ropolitan areas (e.g., Los Angeles, San Diego, etc.). Fishes
within the SCB represent a transitional fauna indicative
of the dynamic environmental conditions present, with
species representative of the Oregonian and San Diegan
biogeographic provinces commonly occurring in the
area (Horn et al. 2006).

Environmental conditions can fluctuate widely on
annual to decadal scales, often related to larger scale
oceanographic phenomena affecting the California
Current such as El Nino Southern Oscillation (ENSO)
events (1997-98 ENSO; McGowan et al. 2003) or vari-
ability in the strength and position of the Aleutian Low
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(Bograd and Lynn 2003). Both low- and high-frequency
variability has been linked to marked changes in the
abundance and distribution of fishes, including demer-
sal species (Mearns 1979; Stull and Tang 1996; Perry
et al. 2005; Hsieh et al. 2009). Recent discoveries of
an expanding oxygen minimum zone (OMZ) in the
Eastern North Pacific basin, and its negative impact
on demersal and benthic life raises additional concern
(Levin 2003; Grantham et al. 2004; Powers et al. 2005;
Bograd et al. 2008; Chan et al. 2008; Diaz and Rosen-
berg 2008; McClatchie et al. 2010). Within the SCB,
Bograd et al. (2008) found areas with the highest rate
of dissolved oxygen decline along the inner and middle
shelves near the greater Los Angeles and Orange County,
California, coastlines.

While fishes typically exhibit population level
responses to environmental variation (Juan-Jordé et al.
2009), these oscillations can be exaggerated or masked
by anthropogenic impacts such as harvesting (Brander
2007; Perry et al. 2010; Hidalgo et al. 2011), habitat
alteration (Dayton et al. 1995), and ocean discharge from
both point (e.g., wastewater discharge) and non-point
sources (e.g., storm drain; Allen 2006a). Historically, SCB
demersal fish community changes were traced to effects
of wastewater discharge through either altered com-
munity demographics (composition, abundance, species
diversity, etc.) or prevalence of tumors and other physi-
cal abnormalities (Perkins 1995; Stull and Tang 1996;
Allen 2006a). While most wastewater discharge effects
on the demersal fish community have subsided (Stull and
Tang 1996; Allen 2006a,b), impacts of fishing and other
anthropogenic interactions with the coastal waters can
still be detected (Schroeder and Love 2002). Concerns
over large, point-source ocean discharges resulted in per-
mit-required demersal fish monitoring (Mearns 1979;
Love et al. 1986; Stull and Tang 1996). Demographic
indices (abundance, biomass, composition, etc.) on the
demersal fish stocks of the SCB shelf are routinely moni-
tored through this permit-required monitoring.

Despite the level of effort devoted to monitoring,
however, little primary research documenting the soft-
bottom demersal fish communities of the SCB beyond
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site-specific programs (see Stull and Tang 1996) has been
published since Love et al. (1986), which was limited to
communities inshore of the 20-m isobath. Deficits in
this information at a regional scale limit the detection
of population responses to large scale perturbations such
as OMZ intrusion. McClatchie et al. (2010) modeled
the predicted effect of OMZ on cowcod (Sebastes levis)
habitat, but abundance information will be needed to
evaluate their predictions of population-level responses.
As an example, Grantham et al. (2004) was able to use
previously recorded demersal species abundance data
collected near an oceanographic monitoring transect
to report on the catastrophic effects of hypoxia on the
demersal resources off the Oregon coast.

An integrated, area-wide sampling effort utilizing
standardized methods can provide the necessary robust
snapshot of baseline conditions to not only provide con-
text for site-specific monitoring results but also, after
repeated surveys, provide tractable evidence of commu-
nity changes (Bertrand et al. 2002). The Southern Cal-
ifornia Bight 2008 Monitoring Program (Bight 2008)
was conducted to provide this general overview of the
SCB demersal fish community spatial dynamics. Utiliz-
ing the Bight 2008 results, this study aims to describe
the spatial pattern of the SCB soft-bottom demersal fish
stocks with a specific goal of characterizing the assem-
blage variability between discrete depth strata and lati-
tudinal regions, for both the community as a whole but
also at species-specific levels. Such information is lack-
ing in the recently published literature and will likely
benefit future evaluations of the various anthropogenic
and environmental factors previously mentioned, e.g.,
the expanding OMZ.

MATERIALS AND METHODS

Sampling Station Description

Demersal fish on soft-bottom habitat were sampled
at 143 stations by otter trawl across the SCB at sta-
tions using a probability based design (Stevens 1997) that
selects sampling sites a priori among areas determined to
be free of obstructions (able to be sampled with an otter
trawl) based on reviews of bathymetric maps (fig. 1).
During the Bight 2008 planning, stations were segre-
gated into discrete shelf (depth) strata and latitudinal
groups. To account for differences between expected and
actual depths at each sampling site, all open coast data
were reclassified after sampling into consistent shelf strata
by actual sampling depth: 5-30 m = inner shelf (IS),
31-120 m = middle shelf (MS), 121-200 m = outer
shelf (OS), and >200 m = upper slope (US). Sampling
results from bays and harbors remained classified into the
bay/harbor (BH) shelf strata. Within each stratum, latitu-
dinal distributions were designated as: >34°N = north,

33.5-34°N = central, and <33.5°N = south. Hencefor-
ward, shelf strata-region combinations (e.g., IS-S) are
referred to as blocks (e.g., IS-S block) for simplicity.

Sampling Methods

Sampling was completed during the summer (July—
September, 2008) with 7.6-m head-rope semiballoon
otter trawl nets fitted with 1.25-cm cod-end mesh dur-
ing daylight hours. Trawls were towed along open-coast
isobaths for ~10 min (~5 min in bays and harbors) at
0.8-1.0 m/sec. These tows were designed to cover an
estimated distance of 300 and 600 m for 5 and 10 min
trawls, respectively. The actual trawl distance was cal-
culated from the difference between the start and stop
fishing GPS coordinates recorded on the deck of the
towing vessel. These acted as a proxy for the net’s rela-
tive position. It was assumed the net remained on the
bottom and fishing the entire time. Upon retrieval,
catches were sorted, identified to species, enumerated,
and batch weighed to the nearest gram (g). Each sta-
tion was sampled once per survey. Catches from sam-
pling events aborted due to equipment malfunction or
protocol violations were discarded and the station was
resampled, if possible.

Data Analysis

The analysis focused on the demersal communities;
therefore pelagic, midwater fishes (Allen and Pondella
20006), e.g., northern anchovy (Engraulis mordax), were
excluded as their catches likely include sampling dur-
ing midwater deployment or retrieval (Biagi et al. 2002).
Underwater measurements by Environmental Qual-
ity Analysts and Marine Biological Consultants (1975)
determined the 7.6-m trawl net used in all four Bight
surveys spread 4.9 m, on average, while under tow and
fishing. The area swept in this analysis represents the dis-
tance trawled (m) X 4.9 m. Densities represent the abun-
dance (biomass) per area swept (m?).

Mean density (count/1000 m?) for each species and
its frequency of occurrence in individual trawl sam-
ples were derived by shelf strata. The mean density by
block (e.g. inner shelf south) for the 21 most abundant
species caught across the three open coast shelf strata
(inner, middle, and outer shelf). Based on the proba-
bilistic design, density by stratum was area-weighted
using the ratio estimator approach following Thomp-
son (1992):
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where:

m = Area-weighted mean density for stratum j.

p; = Parameter value (e.g. density) at station i.

w; = Area weight for station i.

n = Number of stations in population j.

The standard error of the mean was calculated using
the following equation where the 95% confidence inter-
vals about the mean were calculated as 1.96 times the
standard error.

n

E ((p —m) * w;)?

Standard error (SE) = ! )

where:

m = Area-weighted mean concentration for
population ;.

p; = Parameter value (e.g. density) at station i.

w; = Area weight for station i.

n = Number of stations in population j.

Differences in the species-specific densities between
blocks were compared using a one-way ANOVA with
a Bonferroni multiple comparison test after Ln (x+1)
transforming the data (Sokal and Rohlf 1995). The
Pacific sanddab (Citharichthys sordidus) and hornyhead
turbot (Pleuronichthys verticalis) distributions were the
only ones to meet the parametric assumptions after
transformation. A Kruskall-Wallis ANOVA, correcting
for ties, (Sokal and Rohlf 1995) was used to compare
block-specific patterns in the remaining 19 species. The
Shannon-Wiener species diversity index (Shannon and
Weaver 1962) was derived based on the raw counts by
block. Species diversity by block was compared using a
Kruskall-Wallis ANOVA, correcting for ties, using sta-
tion-specific values. All comparisons were executed using
Number Cruncher Statistical Software (Hintze 1998).
Each species’ significance to the shelf stratum commu-
nity was described using the rank of the index of com-
munity importance (ICI; Stephens and Zerba 1981; Love
et al. 1986). Differences in assemblages between regions
within each shelf stratum were subjectively examined
using the species abundance distributions (SAD; McGill
et al. 2007) among the ten most abundant species in
each shelf stratum. The station-specific proportion of
the total catch in each block and the mean across all
stations in each block were derived to illustrate com-
parative changes in the species rank abundance with lat-
itude. Spearman rank correlation was used to compare
the means among the regions within each shelf stratum
with n = 10 (species included) in all comparisons.
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Similarities along the full latitudinal and depth gradi-
ents sampled were characterized using percent similar-
ity index (PSI, Whittaker 1952; Whittaker and Fairbanks
1958) using the equation: PSI = 100 — 0.5 * X | A,
—B,;| where A; and B, are the percentages of species
i in samples A and B, respectively. Stations were seg-
regated into 0.2° latitude bins for spatial analysis and
20-m bins for depth analysis. Each PSI distribution was
evaluated to determine if the pattern fit either a linear
or nonlinear regression model. Nonmetric multidimen-
sional scaling (nMDS) was used to illustrate the station
groupings within each shelf strata based on the observed
assemblage after the calculation of Bray-Curtis dissimi-
larities of fourth-root transformed species-specific densi-
ties (Clarke and Ainsworth 1993).The bay/harbor strata
was excluded from the nMDS analysis due to the lack of
a northern region sampling area and the general concen-
tration of sampling in Los Angeles and Long Beach har-
bors within the central region (fig. 1). A similar nMDS
analysis was done to visualize the relationships between
the block species diversities after calculation of the Bray-
Curtis dissimilarities. These data were not transformed
prior to calculation of the dissimilarities. Station-specific
diversities were included in the analysis, similar to the
execution of the Kruskall-Wallis ANOVA, correcting for
ties. All nMDS analyses were completed using SYSTAT
v. 9.0 (SYSTAT 1998).

RESULTS

Appendix A includes a master species list of all fishes
caught during the 2008 sampling while appendices B1—
B5 list the mean density (£ standard error), frequency of
occurrence, and ICI rank by shelf stratum for all fishes
caught. A total of 26,546 fish weighing 932.215 kg rep-
resenting 133 demersal species were caught amongst 143
stations dispersed across five shelf strata spanning three
designated latitudinal regions of the SCB (tab. 1 and
fig. 1). Fish were caught at all but three stations, one each
in the BH-S, IS-S, and US-N blocks. Sampling stations
were randomly distributed over the soft-bottom habitat
although some blocks were more intensively sampled
(e.g., US-N) than others (e.g., OS-C; tab. 1). Pockets of
elevated densities (count/1000 m?2) were observed in the
Santa Monica Bay, Los Angeles and Long Beach harbors,
and offshore San Diego. Additional individual sampling
sites outside these areas registered elevated densities, but
their occurrence was not as clustered. The Santa Monica
Bay and offshore San Diego abundance hot spots were
primarily from the MS and OS strata. Relatively high
density catches (>101 fish/1000 m?) were recorded at
three IS stations, with two out of the three in the north-
ern region. Similarly high density catches were also com-
paratively rare in the US with sampling at two stations
recording densities greater than 101 fish/1000 m?. Bio-
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Figure 1. Demersal fish sampling stations occupied in summer 2008 distributed among the sampled shelf strata. Total sampling sites = 143. Upper panel depicts
the total demersal fish abundance density (count/1000 m2) recorded at each station per shelf strata. Lower panel depicts the total demersal fish biomass density
(kg/1000 m?) recorded at each station per shelf strata. Isobaths are depicted at 50-m intervals between the 50- and 500-m contour.

mass records (kg/1000 m?) suggested a more dispersed
pattern for the above-average catch weights, although
stations in the Los Angeles and Long Beach harbor areas
and offshore San Diego continued to record above
average values. Species diversity ranged wildly among
blocks, but was lower along the IS and BH shelf strata
while relatively stable throughout the deeper sampling
areas (fig. 2a). Peak diversity occurred along the MS-S

with diversity at all but one station greater than 1.50
while the IS-S recorded the lowest diversity with all
station-specific H” < 1.40. Blocks with predominately
H" < 1.50 were segregated from the main grouping in
the nMDS (fig. 2b), resulting in a significant difference
between station-specific diversity (KW, H = 37.25, df =
13,p < 0.001).

The SADs by block revealed community variation
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TABLE 1
Number of stations by shelf strata and
latitudinal region sampled during the 2008
Southern California Bight monitoring survey.

Latitudinal Number of
Shelf Strata Region Stations
Bays and Harbors Central 6
Southern 16
Strata Total 22
Inner Shelf Northern 12
(5-30 m) Central 13
Southern 7
Strata Total 32
Middle Shelf Northern 9
(31-120 m) Central 13
Southern 11
Strata Total 33
Outer Shelf Northern 1
(121200 m) Central 3
Southern 9
Strata Total 23
Upper slope Northern 20
(200-500 m) Central 9
Southern 4
Strata Total 33
Total Number of Stations 143

along a latitudinal gradient within each shelf stratum
(fig. 3). Differences between the two BH regions were
the most pronounced; white croaker (Genyonemus linea-
tus) dominated the BH-C but was minimally abundant
in the BH-S. This was the only shelf stratum where a
negative correlation was detected between latitudinal
regions (r = —0.69, p < 0.02). No significant correla-
tions were detected for the IS between regions. This
was consistent with the steady dominance of speckled
sanddab (Citharichthys stigmaeus) throughout the stratum
but variability among the lesser abundant species differ-
entiated the regions. The same was true along the MS,
except that Pacific sanddab replaced speckled sanddab as
the dominant form. Along the OS and US, each region
significantly correlated with the next most southerly
region (OS-N:OS-C, r = 0.89, p < 0.01; OS-C:0OS-S,
r = 0.62,p = 0.05; US-N:US-C, r = 0.71, p = 0.02;
US-C:US-S,r = 0.76,p < 0.001). No correlations, posi-
tive or negative, were detected between the northern-
most and southernmost regions in any shelf stratum.
Other than in the BH stratum, only the OS-C block
community exhibited a substantial decline in the pro-
portional contribution of the most abundant species
across the stratum, Pacific sanddab.

Distribution of the 21 most abundant species, over-
all, revealed significant differences in their occurrence
among the three shallowest offshore blocks (fig. 4, tab.
2). These differences were often predicated on a spe-
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cies complete or near-complete absence at select blocks.
Four species were either entirely or largely absent out-
side of one stratum. Of these, splitnose rockfish (Sebastes
diploproa) was uniquely caught in one stratum (OS), the
remaining three species were represented by densities
<2% of their peak block outside of their principle stra-
tum. Only English sole (Parophrys vetulus) was caught in
all blocks, although their peak densities were recorded in
the MS-N. Pacific sanddab was the most common spe-
cies (fig. 4), ranking first in abundance and the MS and
OS ICI (appendices B-3 and B-4). Speckled sanddab
occupied the top rank in both categories along the IS,
while slender sole (Lyopsetta exilis) ranked first along the
US in both metrics (appendix B-5). Speckled sanddab
dominated the shallower IS sampling before its abun-
dance diminished with depth where it was replaced by
Pacific sanddab in the MS and OS sampling which ulti-
mately gave way to slender sole at the greatest depths
sampled.
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Figure 3. Demersal fish species abundance distribution as the percent of the total catch by shelf strata-region block for the ten most commonly taken species
along each shelf stratum. a) Central bay & harbor, b) southern bay and harbor, c) northern inner shelf, d) central inner shelf, €) southern inner shelf, f) northern mid-
dle shelf, g) central middle shelf, h) southern middle shelf, i) northern outer shelf, j) central outer shelf, k) southern outer shelf, ) northern upper slope, m) central
upper slope, n) southern upper slope. See text for bounds of strata and latitudinal ranges.
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TABLE 2
Results of one-way ANOVA (ANOVA) or Kruskall-Wallis (KW) test comparing the shelf strata-region trawl caught
densities (count/1000 m?) for the 21 species most commoly captured during the 2008 Southern California Bight
monitoring survey. Inner shelf (IS), middle shelf (MS), outer shelf (OS), north (N), central (C), and south (S).
See text for depth ranges and latitudinal ranges for each shelf stratum and latitudinal region.

Species Test Statistic DF p Significantly Differing Strata

Pacific sanddab ANOVA 8.20 8,79 <0.001 IS: MS, OS

slender sole KW 76.34 8 <0.001 OS: IS, MS

hornyhead turbot ANOVA 5.71 8,79 <0.001 IS-C: MS, OS, IS-N; MS-C: OS

plainfin midshipman KW 34.40 8 <0.001 IS-N & IS-S: MS-N, MS-S, OS-N; IS-C: MS, OS-C, OS-N

English sole KW 8.49 8 0.39 NS

speckled sanddab KW 54.54 8 <0.001 IS: MS, OS; MS-C: OS-N

roughback sculpin KW 40.42 8 <0.001 MS-C: IS, OS, MS-S; MS-N: MS-C, MS-S;
IS-C & IS-S: MS-S;

California lizardfish KW 19.95 8 0.01 IS-N, IS-S, MS-C, MS-S: OS-N, OS-S

California tonguefish KW 27.29 8 <0.001 MS-C: IS-C, IS-S, OS; MS-S: IS-S, OS-N, OS-S;
OS-C & OS-N: MS

longfin sanddab KW 46.88 8 MS-S: IS, OS, MS-N, MS-C; MS-C: IS-S, IS-N

calico rockfish KW 19.38 8 0.01 MS-S: IS, MS-C, OS

yellowchin sculpin KW 52.15 8 <0.001 MS: IS, OS

halfbanded rockfish KW 21.29 8 <0.01 OS-S: IS, MS-C, MS-S

longspine combfish KW 39.93 8 <0.01 MS: IS, MS; MS-C: OS-S; MS-N: OS-N, OS-S;
MS-S: OS-N, OS-S

pink seaperch KW 32.70 8 <0.001 IS-C: MS, IS-N, OS-N; IS-N: MS-S; IS-N: MS-C, MS-N,
OS-N; MS-C: OS-S, MS-S; MS-S: OS-S

Dover sole KW 65.58 8 <0.001 IS: OS, MS-N, MS-S; MS-C: MS-N, MS-S§, OS

blackbelly eelpout KW 47.32 8 <0.001 OS-C: IS, MS, OS-S; OS-N: IS, MS, OS-S

stripetail rockfish KW 48.62 8 <0.001 IS: MS-N, MS-S, OS; OS-S: MS; OS-N: MS-C

blacktip poacher KW 61.85 8 <0.001 OS: IS, MS

shortspine combfish KW 61.81 8 <0.001 IS: OS, MS-N; MS-C:0S; MS-N: OS-S

splitnose rockfish KW 17.92 8 <0.001 OS-N & OS-S: IS, MS

The PSI calculated across the shelf stations (IS,
MS, OS) indicated limited differences along the lati-
tudinal gradient, although a depression was observed
at ~33°N, or offshore northern San Diego County
(fig. 5a). Distance between stations did not result in a
predictable pattern (fig. 5b). Stations along the north-
south latitudinal gradient by shelf strata were gener-
ally overlapping in the nMDS analysis (fig. 6). Subtle
gradients were observed in the IS and US, but stations
from other regions were interspersed throughout the 2D
space. Catches between ~160 and 420 m had the high-
est mean PSI scores (30-40%), but little similarity overall
was detected with depth outside the immediately prox-
imate depth bins (fig. 5¢). Few comparisons exceeded
60% similarity, with a large proportion at <10% similar-
ity. Similarity between depth-stratified catches declined
in a linear pattern (R? = 0.58) with a negative slope
(m = —0.16) as increasing differences in depth reduced
the similarity between two catches (fig. 5d).

DISCUSSION

Demersal fish sampling in 2008 recorded a diverse
and spatially distinct soft-bottom demersal community
across the SCB. As expected, there was a clear difference
in the species composition between the BH and offshore
strata. Most species taken in BH sampling were absent
or minimally present at sampling sites from the conti-

nental shelf or upper slope. Of the shelf sites, differences
in species composition occurred with increasing depth.
Abundance and diversity was much greater at MS and
OS depths in comparison to the IS. The greatest abun-
dance in trawl catch was observed in MS and OS depths
offshore Santa Monica Bay and San Diego. In the BH
straum, substantially elevated abundance was observed in
the Los Angeles and Long Beach harbor. Finally, there
was little difference in species composition across latitu-
dinal gradients on the continental shelf, although shifts
in species composition were observed in the BH stratum
moving north to south.

The results observed during this survey were indica-
tive of results from previous studies, such as depth strati-
fication of the dominant flatfishes (Fager and Longhurst
1968; Biagi et al. 2002; Allen 2006b; Allen and Pondella
2006). For example, the prevalence of sanddab species,
especially speckled sanddab and Pacific sanddab, has
been a consistent biological feature in the SCB for over
30 years (Love et al. 1986; Stull and Tang 1996; Mearns
1979).These dominant flatfishes stratified by depth along
the continental shelf in 2008; speckled sanddabs occurred
shallow (<30 m), before transitioning to Pacific sanddab,
and then slender sole in the deepest reaches (>200 m).
This is also consistent with past survey results (Stull and
Tang 1997) and Allen’s (2006b) soft-bottom fish com-
munity functional structure.
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Figure 5.  Percent similarity index (PSI) for the 2008 summer Southern California Bight demersal fish sampling depicting the similarity in catch composition between
stations separated by a) 0.2° latitude bin, b) distance (degree latitude), c) 20-m depth bin, d) difference in depth (m). Solid lines in a and b represent the mean PSI
at each x-axis value. Dashed line in d represents the best fit linear regression model (R? = 0.58) describing the observed pattern.

Results observed during this survey were also not
indicative of previous studies. For example, the Los
Angeles and Long Beach harbor areas were numerically
dominated by white croaker and queenfish (Seriphus poli-
tus), whereas these species were caught in only 4% of the
remaining SCB. The comparatively low abundances of
white croaker along the open coast and in the southern
BH varies dramatically from Allen (2006b) who indi-
cated that the white croaker foraging guild occurred in
>20% of all samples he examined from the IS and MS.
Previously, demersal fish sampling inside of the 20-m
isobaths along the SCB open coast consistently recorded
both queenfish and white croaker among the most abun-
dant species, with either one often ranking first in abun-
dance (DeMartini and Allen 1984; Love et al. 1986).
Stull and Tang (1996) first reported on the area’s white
croaker decline using identical techniques as the current
investigation. The demise of white croaker and queen-
fish, especially within the central region, is consistent
with the reported correlations between the planktiv-
orous queenfish and declining nearshore zooplankton
volumetric biomass beginning circa 1980 (Miller et al.
2009).
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The presence of latitutinal gradients in demersal fishes
has been more equivocal. For example, variations in the
SADs between regional areas for each open coast shelf
stratum were muted in 2008. While some community
variability was detected, which may indicate some lati-
tudinal differences within shelf stratum, it was not at a
statistically significant level. However, Love et al. (1986)
found significant differences with latitude, but their sam-
pling was more intensive and focused on a limited depth
range. Hence, the relatively small sample size and large
spatial scale may play a role in our study, with the inter-
action of the two masking potential latitudinal differences.

Demonstrative conclusions regarding factors (outside
of depth influences) stimulating the dispersion of soft-
bottom demersal fishes in the SCB is outside the scope
of one set of summer samples. These patterns, however,
do provide baseline information for future comparisons.
As such, these data begin to address a critical void in
our ability to evaluate impacts from growing concerns,
particularly at large spatial scales, such as the expanding
OMZ. Given the previously documented devastating
effects of nearshore hypoxia (Grantham et al. 2004), the
need for baseline ecological information is becoming
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Figure 6. Nonmetric multidimensional scaling 2D distribution of stations based on sampled community density at each station segregated into latitudinal group
(north = N, central = C, south = S) for the inner shelf (IS), middle shelf (MS), outer shelf (OS), and upper slope (US). Letters in each plot represent an individual sta-

tion within the shelf stratum.

increasingly apparent. Programs such as the Bight 2008
demersal fish study may begin to fill this void.

Conclusions

The SCB demersal fish community was diverse and
largely depth-stratified in 2008. Comparisons with pre-
vious reports indicated changes in the faunal composi-
tion have occurred, specifically the decline of the once
abundant sciaenids white croaker and queenfish while
various flatfish, especially sanddabs, continue to domi-
nate the system. Bays and harbors remain unique along
the SCB with several species largely limited to these
areas. Likewise, the most abundant species on the upper
slope were relatively uncommon along the other strata.
The remaining shelf strata had a high degree of overlap
amongst the species.
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APPENDIX A

Master species list of demersal fishes caught during 2008 Southern California Bight regional monitoring program.

Species

Common Name

Species

Common Name

Agonopsis sterletus
Anchoa compressa
Anchoa delicatissima
Anoplopoma fimbria
Argyropelecus affinis
Argyropelecus lychnus
Argyropelecus sladeni
Artedius notospilotus
Bathyagonus pentacanthus
Bathyraja interrupta
Careproctus melanurus
Ceratoscopelus townsendi
Cheilotrema saturnum
Chilara taylori
Chitonotus pugetensis
Citharichthys fragilis
Citharichthys sordidus
Citharichthys stigmaeus
Citharichthys xanthostigma
Cymatogaster aggregata
Embiotoca jacksoni
Enophrys taurina
Eopsetta jordani
Eptatretus deani
Eptatretus stoutii
Facciolella equatorialis
Genyonemus lineatus
Gibbonsia elegans
Gibbonsia metzi
Glyptocephalus zachirus
Gymnura marmorata
Heterostichus rostratus
Hexagrammos decagrammus
Hippocampus ingens
Hippoglossina stomata
Hydrolagus colliei
Hypsurus caryi

Icelinus burchami
Icelinus cavifrons
Icelinus oculatus
Icelinus quadriseriatus
Icelinus tenuis

Ilypnus gilberti
Lepidogobius lepidus
Leptocottus armatus
Lestidiops ringens
Leuroglossus stilbius
Lycodapus fierasfer
Lycodapus mandibularis
Lycodes cortezianus
Lycodes diapterus
Lycodes pacificus
Lyconema barbatum
Lyopsetta exilis
Merluccius productus
Microstomus pacificus
Mustelus henlei
Myliobatis californica
Nezumia stelgidolepis
Odontopyxis trispinosa
Ophiodon elongatus
Oxylebius pictus
Paralabrax clathratus
Paralabrax maculatofasciatus
Paralabrax nebulifer
Paralichthys californicus
Parmaturus xaniurus

southern spearnose poacher

deepbody anchovy
slough anchovy
sablefish

slender hatchetfish
silver hachetfish
lowecrest hatchetfish
bonyhead sculpin
bigeye poacher
sandpaper skate
blacktail snailfish
dogtooth lampfish
black croaker
spotted cusk-eel
roughback sculpin
Gulf sanddab
Pacific sanddab
speckled sanddab
longfin sanddab
shiner perch

black perch

bull sculpin

petrale sole

black hagfish
Pacific hagfish
dogface witch eel
white croaker
spotted kelpfish
striped kelpfish

rex sole

California butterfly ray
giant kelpfish

kelp greenling
Pacific seahorse
bigmouth sole
spotted ratfish
rainbow seaperch
dusky sculpin
pit-head sculpin
frogmouth sculpin
yellowchin sculpin
spotfin sculpin
cheekspot goby
bay goby

Pacific staghorn sculpin
slender barracudina
California smoothtongue
blackmouth eelpout
pallid eelpout
bigfin eelpout
black eelpout
blackbelly eelpout
bearded eelpout
slender sole

Pacific hake

Dover sole

brown smoothhound
bat ray

California grenadier
pygmy poacher
lingcod

painted greenling
kelp bass

spotted sand bass
barred sand bass
California halibut
filetail cat shark

Parophrys vetulus
Peprilus simillimus
Phanerodon_furcatus
Physiculus rastrelliger
Platyrhinoidis triseriata
Plectobranchus evides
Pleuronichthys decurrens
Pleuronichthys guttulatus
Pleuronichthys ritteri
Pleuronichthys verticalis
Porichthys myriaster
Porichthys notatus
Raja inornata

Raja rhina
Rathbunella hypoplecta
Rhacochilus toxotes
Rhacochilus vacca
Rhinobatos productus
Rhinogobiops nicholsii
Rimicola muscarum
Roncador stearnsii
Scorpaena guttata
Scorpaenichthys marmoratus
Sebastes atrovirens
Sebastes aurora
Sebastes caurinus
Sebastes chlorostictus
Sebastes crameri
Sebastes dallii

Sebastes diploproa
Sebastes elongatus
Sebastes cos

Sebastes goodei
Sebastes hopkinsi
Sebastes jordani
Sebastes levis

Sebastes melanostomus
Sebastes miniatus
Sebastes rosaceuis
Sebastes rosenblatti
Sebastes rubrivinctus
Sebastes rifus

Sebastes saxicola
Sebastes semicinctus
Sebastes simulator
Sebastes umbrosus
Sebastolobus alascanus
Sebastolobus altivelis
Seriphus politus
Squalus acanthias
Stenobrachius leucopsarus
Symphurus atricaudus
Syngnathus exilis
Syngnathus leptorhynchus
Synodus lucioceps
Torpedo californica
Umbrina roncador
Urobatis halleri
Xeneretmus latifrons
Xeneretmus leiops
Xeneretmus triacanthus
Xenistius californiensis
Xystreurys liolepis
Zalembius rosaceus
Zaniolepis frenata
Zaniolepis latipinnis

English sole

Pacific pompano
white seaperch
hundred-fathom codling
thornback
bluebarred prickleback
curlfin sole

diamond turbot
spotted turbot
hornyhead turbot
specklefin midshipman
plainfin midshipman
California skate
longnose skate
bluebanded ronquil
rubberlip seaperch
pile perch

shovelnose guitarfish
blackeye goby

kelp clingfish

spotfin croaker
California scorpionfish
cabezon

kelp rockfish

aurora rockfish
copper rockfish
greenspotted rockfish
darkblotched rockfish
calico rockfish
splitnose rockfish
greenstriped rockfish
pink rockfish
chilipepper
squarespot rockfish
shortbelly rockfish
cowcod

blackgill rockfish
vermilion rockfish
rosy rockfish
greenblotched rockfish
flag rockfish

bank rockfish
stripetail rockfish
halfbanded rockfish
pinkrose rockfish
honeycomb rockfish
shortspine thornyhead
longspine thornyhead
queenfish

spiny dogfish
northern lampfish
California tonguefish
barcheek pipefish

bay pipefish
California lizardfish
Pacific electric ray
yellowfin croaker
round stingray
blacktip poacher
smootheye poacher
bluespotted poacher
salema

fantail sole

pink seaperch
shortspine combfish
longspine combfish
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Area-weight adjusted mean density (count/1000 m?), standard error, frequency of occurrence (FO) and

APPENDIX B-1

Index of Community Importance (ICI) rank for the demersal fishes caught during trawl surveys in the bay &

harbor areas (n = 22) during the 2008 Southern California Bight regional monitoring survey.

Species Mean Density (count/1000 m?) Density Std. Err. FO ICI Rank
Genyonemus lineatus 22.67 9.94 7 1
Paralabrax nebulifer 1.85 0.75 15 2
Seriphus politus 7.22 2.54 6 3
Paralichthys californicus 0.79 0.16 15 4
Umbrina roncador 2.16 1.50 6 4
Paralabrax maculatofasciatus 0.75 0.26 10 6
Urobatis halleri 0.86 0.40 7 6
Cymatogaster aggregata 2.09 1.15 5 8
Anchoa delicatissima 1.65 1.31 5 9
Symphurus atricaudus 0.77 0.26 7 9
Porichthys myriaster 0.54 0.18 6 11
Cheilotrema saturnum 0.49 0.30 5 12
Citharichthys stigmaeus 0.84 0.39 3 13
Phanerodon_furcatus 0.45 0.18 4 14
Heterostichus rostratus 0.08 0.13 4 15
Roncador stearnsii 0.34 0.12 3 16
Synodus lucioceps 0.30 0.15 3 16
Myliobatis californica 0.15 0.07 4 18
Embiotoca jacksoni 0.40 0.23 2 19
Hippocampus ingens 0.07 0.05 3 20
Pleuronichthys verticalis 0.11 0.05 3 20
Pleuronichthys ritteri 0.16 0.11 2 22
Pleuronichthys guttulatus 0.07 0.07 2 23
Raja inornata 0.11 0.06 2 23
Rhinobatos productus 0.09 0.06 2 23
Anchoa compressa 0.08 0.04 2 26
Icelinus quadriseriatus 0.13 — 1 26
Paralabrax clathratus 0.03 0.04 2 26
Rhinogobiops nicholsii 0.09 — 1 29
Ilypnus gilberti 0.09 — 1 30
Lepidogobius lepidus 0.07 — 1 30
Rhacochilus vacca 0.08 — 1 30
Gymnura marmorata 0.02 — 1 33
Xystreurys liolepis 0.04 — 1 33
Syngnathus leptorhynchus 0.04 — 1 33
Gibbonsia elegans <0.01 — 1 33
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Area-weight adjusted mean density (count/1000 m?), standard error, frequency of occurrence (FO) and

APPENDIX B-2

Index of Community Importance (ICI) rank for the demersal fishes caught during trawl surveys in along the

inner shelf (n = 32) during the 2008 Southern California Bight regional monitoring survey.

Species Mean Density (count/1000 m?) Density Std. Err. FO ICI Rank
Citharichthys stigmaeus 24.24 4.35 29 1
Pleuronichthys verticalis 1.58 0.34 21 2
Parophrys vetulus 1.74 0.67 14 3
Synodus lucioceps 1.08 0.36 17 4
Citharichthys sordidus 2.52 1.37 9 5
Icelinus quadriseriatus 1.86 0.86 9 6
Symphurus atricaudus 0.64 0.26 13 7
Cymatogaster aggregata 0.70 0.34 8 8
Paralichthys californicus 0.32 0.11 11 8
Chitonotus pugetensis 0.72 0.32 8 10
Pleuronichthys ritteri 0.28 0.10 10 11
Zalembius rosaceus 1.32 0.68 5 12
Xystreurys liolepis 0.22 0.07 11 13
Phanerodon_furcatus 0.29 0.32 6 14
Citharichthys xanthostigma 0.21 0.09 7 15
Genyonemus lineatus 0.22 0.24 4 16
Leptocottus armatus 0.16 0.06 7 17
Odontopyxis trispinosa 0.23 0.15 5 17
Syngnathus exilis 0.12 0.06 6 19
Sebastes miniatus 0.23 0.13 3 20
Scorpaena guttata 0.06 0.02 6 21
Sebastes caurinus 0.23 0.13 3 21
Hypsurus caryi 0.17 0.09 4 23
Porichthys myriaster 0.09 0.04 5 23
Heterostichus rostratus 0.05 0.04 3 25
Hippoglossina stomata 0.06 0.04 3 25
Porichthys notatus 0.06 0.03 4 25
Pleuronichthys guttulatus 0.04 0.02 3 28
Rhacochilus toxotes 0.07 0.06 2 28
Platyrhinoidis triseriata 0.03 0.02 3 30
Sebastes atrovirens 0.04 0.03 2 31
Icelinus cavifrons 0.03 0.02 2 32
Paralabrax nebulifer 0.02 0.01 2 33
Raja inornata 0.02 0.01 2 33
Scorpaenichthys marmoratus 0.02 0.02 2 33
Sebastes dallii 0.02 0.01 2 33
Rhinobatos productus 0.05 — 1 37
Pleuronichthys decurrens 0.03 — 1 38
Artedius notospilotus 0.01 — 1 40
Zaniolepis latipinnis 0.01 — 1 40
Seriphus politus 0.01 — 1 40
Agonopsis sterletus 0.01 — 1 40
Rhinogobiops nicholsii 0.01 — 1 40
Gibbonsia metzi 0.01 — 1 40
Hexagrammos decagrammus 0.01 — 1 40
Oxylebius pictus 0.01 — 1 40
Embiotoca jacksoni <0.01 — 1 40
Rimicola muscarum <0.01 — 1 40
Roncador stearnsii <0.01 — 1 40
Xenistius californiensis <0.01 — 1 40
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Area-weight adjusted mean density (count/1000 m?), standard error, frequency of occurrence (FO) and
Index of Community Importance (ICI) rank for the demersal fishes caught during trawl surveys along the
middle shelf (n = 33) during the 2008 Southern California Bight regional monitoring survey.

APPENDIX B-3

Species Mean Density (count/1000 m?) Density Std. Err. FO ICI Rank
Citharichthys sordidus 22.89 4.67 30 1
Icelinus quadriseriatus 17.68 4.45 30 2
Zalembius rosaceus 6.14 1.79 22 3
Zaniolepis latipinnis 5.37 1.70 23 3
Parophrys vetulus 5.90 3.95 21 5
Porichthys notatus 2.31 0.70 23 6
Pleuronichthys verticalis 1.34 0.30 27 7
Citharichthys xanthostigma 3.02 0.82 20 8
Symphurus atricaudus 2.02 0.56 22 9
Chitonotus pugetensis 2.96 0.84 18 10
Sebastes saxicola 2.48 0.96 16 11
Sebastes semicinctus 9.74 7.33 9 11
Microstomus pacificus 1.20 0.38 18 13
Citharichthys stigmaeus 3.00 1.34 11 14
Hippoglossina stomata 0.53 0.11 21 15
Zaniolepis frenata 0.97 0.39 12 16
Synodus lucioceps 0.51 0.19 16 17
Odontopyxis trispinosa 0.52 0.27 16 18
Sebastes dallii 0.97 0.71 8 19
Lepidogobius lepidus 0.56 0.28 7 20
Scorpaena guttata 0.21 0.07 10 21
Ophiodon elongatus 0.30 0.16 6 22
Raja inornata 0.11 0.03 11 22
Sebastes hopkinsi 0.23 0.17 4 24
Chilara taylori 0.11 0.05 7 25
Lyopsetta exilis 0.21 0.12 4 26
Xystreurys liolepis 0.12 0.06 5 26
Sebastes chlorostictus 0.18 0.14 4 28
Sebastes elongatus 0.10 0.05 5 28
Sebastes eos 0.08 0.05 4 30
Porichthys myriaster 0.06 0.03 4 31
Sebastes rosenblatti 0.06 0.03 4 31
Lycodes pacificus 0.07 0.04 3 33
Enophrys taurina 0.22 — 1 34
Sebastes miniatus 0.09 0.07 2 34
Xeneretmus latifrons 0.05 0.03 3 36
Sebastes rubrivinctus 0.06 0.05 2 37
Rathbunella hypoplecta 0.04 0.03 2 38
Genyonemus lineatus 0.03 0.02 2 39
Icelinus tenuis 0.02 0.01 2 40
Rhinogobiops nicholsii 0.02 0.01 2 40
Xeneretmus triacanthus 0.02 0.01 2 40
Cymatogaster aggregata 0.04 — 1 43
Sebastes umbrosuis 0.04 — 1 44
Merluccius productus 0.01 — 1 45
Peprilus simillimus 0.01 — 1 45
Phanerodon furcatus 0.01 — 1 45
Plectobranchus evides 0.01 — 1 45
Pleuronichthys decurrens 0.01 — 1 45
Pleuronichthys ritteri 0.01 — 1 45
Sebastes jordani 0.01 — 1 45
Sebastes levis 0.01 — 1 45
Sebastes rosaces 0.01 — 1 45
Sebastes rufiis 0.01 — 1 45
Squalus acanthias 0.01 — 1 45
Torpedo californica 0.01 — 1 45
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Area-weight adjusted mean density (count/1000 m?), standard error, frequency of occurrence (FO) and
Index of Community Importance (ICI) rank for the demersal fishes caught during trawl surveys along the
outer shelf (n = 23) during the 2008 Southern California Bight regional monitoring survey.

APPENDIX B-4

Species Mean Density (count/1000 m?) Density Std. Err. FO ICI Rank
Citharichthys sordidus 31.30 11.60 23 1
Lyopsetta exilis 26.54 5.60 23 2
Microstomus pacificus 3.71 0.57 23 3
Sebastes saxicola 10.36 2.56 20 4
Zaniolepis frenata 8.11 1.58 22 4
Lycodes pacificus 4.66 1.39 14 6
Parophrys vetulus 2.79 0.91 16 6
Xeneretmus latifrons 2.15 0.49 20 6
Porichthys notatus 2.19 0.90 14 9
Sebastes elongatus 1.00 0.30 15 10
Zalembius rosaceus 1.52 0.73 14 10
Sebastes semicinctus 2.16 0.93 12 12
Chilara taylori 0.48 0.15 12 13
Sebastes eos 0.33 0.10 12 14
Glyptocephalus zachirus 0.54 0.20 10 15
Sebastes diploproa 1.44 0.92 5 16
Zaniolepis latipinnis 0.64 0.30 6 16
Hippoglossina stomata 0.21 0.12 6 18
Sebastes rosenblatti 0.22 0.12 6 19
Merluccius productus 0.17 0.05 8 20
Sebastes chlorostictus 0.15 0.07 5 21
Pleuronichthys verticalis 0.25 0.17 4 22
Xeneretmus triacanthus 0.13 0.07 5 23
Eopsetta jordani 0.10 0.06 5 24
Hydrolagus colliei 0.09 0.04 5 24
Lycodes cortezianus 0.15 0.12 3 26
Sebastes melanostomus 0.28 — 1 27
Plectobranchus evides 0.09 0.07 3 28
Lyconema barbatum 0.04 0.03 3 29
Sebastes rubrivinctus 0.05 0.04 2 30
Citharichthys xanthostigma 0.06 — 1 31
Raja inornata 0.04 0.02 2 31
Raja rhina 0.03 0.02 2 31
Sebastes jordani 0.04 0.03 2 31
Citharichthys fragilis 0.04 — 1 36
Argyropelecus sladeni 0.01 — 1 37
Bathyraja interrupta 0.02 — 1 37
Icelinus tenuis 0.01 — 1 37
Mustelus henlei 0.02 — 1 37
Ophiodon elongatus 0.01 — 1 37
Scorpaena guttata 0.01 — 1 37
Sebastes goodei 0.01 — 1 37
Sebastes levis 0.02 — 1 37
Symphurus atricaudus 0.02 — 1 37
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Area-weight adjusted mean density (count/1000 m?), standard error, frequency of occurrence (FO) and
Index of Community Importance (ICI) rank for the demersal fishes caught during trawl surveys along the
upper slope (n = 33) during the 2008 Southern California Bight regional monitoring survey.

APPENDIX B-5

Species Mean Density (count/1000 m?) Density Std. Err. FO ICI Rank
Lyopsetta exilis 16.18 4.12 30 1
Microstomus pacificus 5.01 1.48 30 2
Glyptocephalus zachirus 1.29 0.75 16 3
Sebastolobus alascanus 1.49 0.44 15 3
Sebastes diploproa 1.93 0.73 13 5
Merluccius productus 0.75 0.25 18 6
Lycodes pacificus 0.78 0.24 11 7
Xeneretmus latifrons 0.71 0.25 11 8
Lycodes cortezianus 0.50 0.13 14 9
Lyconema barbatum 1.02 0.80 8 9
Sebastes aurora 0.31 0.10 11 11
Facciolella equatorialis 0.42 0.17 9 12
Parophrys vetulus 0.34 0.13 8 13
Physiculus rastrelliger 0.61 0.35 6 14
Sebastes saxicola 0.77 0.55 5 15
Parmaturus xaniurus 0.19 0.07 8 16
Sebastes jordani 1.32 1.30 3 17
Nezumia stelgidolepis 0.21 0.10 7 18
Lycodes diapterus 0.28 0.12 7 19
Careproctus melanurus 0.12 0.04 10 20
Zaniolepis frenata 0.23 0.12 5 21
Sebastolobus altivelis 0.19 0.11 5 22
Stenobrachius leucopsarus 0.17 0.07 7 22
Lycodapus mandibularis 0.30 0.21 4 24
Bathyagonus pentacanthus 0.17 0.09 5 25
Raja rhina 0.08 0.03 6 26
Eptatretus stoutii 0.05 0.02 6 27
Sebastes melanostomis 0.12 0.09 3 28
Sebastes eos 0.06 0.03 4 29
Plectobranchus evides 0.03 0.01 4 30
Leuroglossus stilbius 0.07 0.05 2 31
Xeneretmus leiops 0.10 — 1 31
Icelinus burchami 0.06 — 1 33
Citharichthys sordidus 0.02 0.01 3 34
Porichthys notatus 0.02 0.02 2 34
Sebastes rosenblatti 0.04 0.03 2 34
Argyropelecus lychnus 0.07 — 1 37
Anoplopoma fimbria 0.02 0.01 2 38
Sebastes elongatus 0.02 — 1 39
Argyropelecus affinis 0.01 — 1 40
Chilara taylori 0.01 — 1 40
Argyropelecus sladeni 0.01 — 1 42
Ceratoscopelus townsendi 0.01 — 1 42
Eptatretus deani 0.01 — 1 42
Hydrolagus colliei 0.01 — 1 42
Icelinus oculatus 0.01 — 1 42
Lestidiops ringens 0.01 — 1 42
Lycodapus fierasfer 0.01 — 1 42
Sebastes crameri 0.01 — 1 42
Sebastes simulator 0.01 — 1 42
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ABSTRACT

Recent visits by Humboldt squid (Dosidicus gigas) to
the northern California Current system (CCS) were
suggested to be related to larger climatic events such as
El Nino, global warming, and expansion and shoaling
of the oxygen minimum zone. Due to their plasticity in
foraging behavior, coupled with an increased availabil-
ity of prey resources, these excursions may also represent
opportunistic foraging explorations. Fisheries-indepen-
dent surveys initiated by the Northwest Fisheries Sci-
ence Center in 1998 first encountered Humboldt squid
in coastal waters oft central Oregon and Washington in
2004. Squid ranging from 36—79 cm mantle length were
caught during the following six years of sampling (2004—
2009), with individuals generally increasing in abundance
shoreward in late summer. The highest observed densi-
ties were in 2009 and measured 1,671 squid (10° m3)~1.
Physical features associated with increased squid catch
included station depth, subsurface water temperature,
ocean salinity, ocean density, and dissolved oxygen. In
addition, the arrival of Humboldt squid onto the shelf
in late summer was coincident with declines of juvenile
(10-30 cm total length) Pacific hake (Merluccius produc-
tus), in contrast to the typical increases of hake recorded
in late summer during recent years. Our results suggest
that predator-prey interactions and ocean conditions in
the CCS epipelagic zone lead to seasonal expansions, yet
unsuccessful colonization attempts, by Humboldt squid
populations. Identifying the economic and ecological
impacts of this newly arrived predator should be a top
research priority.

INTRODUCTION

Humboldt squid (also known as jumbo flying squid
Dosidicus gigas) have recently visited the northern Cal-
ifornia Current system (CCS) and have been docu-
mented as far north as southeast Alaska (Pearcy 2002;
Cosgrove 2005; Brodeur et al. 2006; Rodhouse et al
2006; Wing 2006; Field et al. 2007; 2008; Rodhouse
2008). They are voracious predators that can grow to
2 m and 50 kg within a year (Zeidberg and Robison
2007), and Markaida et al. (2004) found that Humboldt
squid in the Gulf of California have one of the high-
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Estuarine and Ocean Ecology Program
NOAA Fisheries Northwest Fisheries Science Center
Newport Research Station
2032 SE OSU Drive
Newport, OR 97365

est absolute growth rates of any squid species. In recent
years off the U.S. West Coast, Humboldt squid appear to
overlap in time and space with commercially important
species such as Pacific hake (Merluccius productus), Pacific
sardine (Sardinops sagax), and rockfish (Sebastes spp.), and
are of major interest because of their potential ecosystem
impacts (Field et al. 2007; Holmes et al. 2008).

Humboldt squid invaded waters off southern and cen-
tral California in large numbers during the mid-1930s
(Clark and Phillips 1936) then were virtually or totally
absent until a short period in the mid-1970s, then virtu-
ally absent again until the 1990s (Field et al. 2007). Oft
Oregon, they were not observed until the 1997 El Niio,
when Humboldt squid and other warm water species
were documented over the continental shelf and slope
from June through November in sea surface temperatures
ranging from 13.4 to 14.3°C (Pearcy 2002). Between
2002 and 2009, Humboldt squid undertook seasonal for-
aging visits to the northern CCS, with many reports of
summertime beach strandings/landings by commercial,
scientific, and recreational fisheries oft Oregon, Washing-
ton, and British Columbia (Cosgrove 2005; Brodeur et al.
2006;Trudel et al. 2006). However, little is known about
the seasonal and interannual variability in the large-scale
distribution of Humboldt squid in the northern CCS.

Several environmental and ecological factors have
been implicated as potential drivers of the appearance
of Humboldt squid in temperate waters of the northern
CCS, including warming ocean temperatures, shoaling,
or expansion of the oxygen minimum zone (OMZ),
and overfishing of subtropical predators in the Eastern
Tropical Pacific (Pearcy 2002; Gilly et al. 2006; Field et
al. 2007; Zeidberg and Robison 2007; Rodhouse 2008).
We hypothesize that an abundance of potential prey in
the CCS, namely juvenile (10-30 cm total length [TL])
Pacific hake, Pacific sardine, northern anchovy (Engrau-
lis mordax), rockfish, and myctophids, may be an equally
important explanation for episodic appearances of Hum-
boldt squid in the northern CCS. However, the bio-
logical and environmental mechanisms driving seasonal
Humboldt squid visits remain poorly understood.

Here we analyze fishery and oceanographic infor-
mation collected by NOAA Fisheries Northwest Fish-
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eries Science Center (NWESC) during recent surveys
oft Oregon and Washington (2004-2009) to examine
the seasonal and interannual patterns in the occurrence
of Humboldt squid. Records from these surveys repre-
sent a limited, though valuable comprehensive seasonal
and annual time series of Humboldt squid catches in the
Pacific Northwest to date. The objectives of this study
were to explore recent catch data and find some con-
nectivity between physical oceanographic conditions and
the observed sporadic spatial and temporal occurrence
of Humboldt squid in the northern California Current
to provide important baseline monitoring information
which will serve the research community when design-
ing new studies. We hypothesize that changes in physi-
cal oceanographic conditions play an important role in
determining ecological habitat for Humboldt squid, but
also that the interactive processes of biology, prey avail-
ability, and fisheries could play a role.

METHODS

The NWESC surveyed spring-fall marine resources
oftf Oregon and Washington (2004—2009) by fishing
at night in two separate studies: the Stock Assessment
Improvement Program, or SAIP study, initiated in 2004
(see Phillips et al. 2009), and the Predator study, initiated
in 1998 (see Emmett et al. 2006). Both studies fished a
Nordic 264-rope trawl behind a chartered fishing ves-
sel, but the SAIP study fished the headrope at midwater
(30 m), while the Predator study fished the headrope at
the surface. The SAIP study regularly sampled four tran-
sects monthly during May—September (and in Novem-
ber 2004 and October 2005), with stations ranging from
5-100 nautical miles (nm) offshore. A total of 412 night-
time midwater trawls were conducted between Hec-
ata Head, OR (44°00N) and Willapa Bay, WA (46°40N;
table 1a.). The Predator study sampled 535 nighttime
trawls along two transects (5-30 nm from shore) off the
mouth of the Columbia River, OR (46°10N) and Wil-
lapa Bay, WA (46°40N) biweekly from April-August in
2004-2009 (table 1b).While SAIP study stations spanned
the shelf break and slope (station depths ranged from 55
to 3,150 m), Predator study stations were located pri-
marily on the shelf (depths ranged from 28 to 293 m).

At each station, the trawl was towed astern of the
fishing vessel for 15-30 minutes at a vessel speed aver-
aging 3.1 kts. The deployed trawl had a mouth opening
of 12 m deep by 28 m wide (336 m?) based on previ-
ous determinations using a third-wire Simrad FS3300
backwards-looking net sounder (Emmett et al. 2004).
For midwater trawls, a knotless, 6.1 m long, 3-mm mesh
liner was sewn into the cod end; for surface trawls, the
liner was 8-mm mesh. During both studies, all individu-
als caught were identified to the lowest taxon level possi-
ble and enumerated. We measured 30 randomly selected
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individuals of each species for length. In the event of a
very large catch, we counted and weighed a subsample
of each species and used the measured weight of the
remaining catch to estimate the total number of indi-
viduals caught. In addition, we collected environmental
information, including temperature, salinity, and water
density from the surface down to 100 m (or within 5
m from the bottom at stations <100 m depth) prior to
each trawl by deploying a Sea-Bird SBE SEALOGGER
25 (SAIP study) or SBE 19 SEACAT (Predator study)
CTD profiler. Beginning in September 2008, the SBE
25 SEALOGGER CTD was outfitted with a dissolved
oxygen (DO) sensor to measure in situ concentrations
(ml L-1). All CTD sensors were calibrated annually prior
to the start of each cruise season.

Because of a disproportionate amount of zero catches,
the relationship between environmental factors and
Humboldt squid caught in our trawls was examined
by a two-step or conditional modeling approach, using
exploratory Generalized Additive Models (GAMs) with
the mgcev-package (Wood 2006) available for R (v2.10.1)
software (The R Foundation for Statistical Computing,
http://www.r-project.org). GAMs were chosen for habi-
tat analysis because the relationship between Humboldt
squid and environmental variables was expected to be
of a complex form, not easily fitted by standard linear
or nonlinear models. GAM fitting techniques have been
employed to understand and predict variations in cepha-
lopod abundance in many systems (Bellido et al. 2001;
Denis et al. 2002; Tian et al. 2009).

Both binomial and conditional Poisson GAMs were
fitted to filtered data sets gathered on Humboldt squid
during the SAIP Study (2004-2009). Humboldt squid
presence/absence was first modeled against environmen-
tal data using (1) a binomial family fit with a logit-link
function, using only stations that were repeatedly sam-
pled over the six years where Humboldt squid were
captured (n = 315 hauls). Next, Humboldt squid abun-
dance (count), was modeled using (2) a Poisson distri-

TABLE 1
Abbreviations, descriptions, and sources
of the large-scale environmental variables used in the
Generalized Additive Models (GAM:s).

Abbreviation Description and source

MEI Multivariate El Nifio-Southern Oscillation Index.
From the NOAA Earth System Research Laboratory
Web site: http://www.cde.noaa.gov/ENSO/enso.
mei_index.html.

PDO Pacific Decadal Oscillation Index. From the Univer-
sity of Washington (Nathan Mantua administrator)
Web site: http://jisao.washington.edu/pdo/.

Ul Upwelling Index for 45°N, 125°W. From the NOAA
Southwest Fisheries Science Center Environmental
Research Division live access server Web site:
http://www.pfeg.noaa.gov/products/las.html.
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TABLE 2
Research cruise dates for two NOAA Fisheries Northwest Fisheries Science Center studies occurring from 2004-2009:
(a) the Stock Assessment Improvement Program (SAIP) study; and (b) the Predator study. Information presented
for each cruise includes survey year, dates, latitude range ("N), distance range of stations offshore (in nautical miles),
total number of transects, total trawls completed (and trawls containing Humboldt squid, Dosidicus gigas in parentheses),
total number of D. gigas caught, and the associated dorsal mantle length range (ML in cm).

a. Stock Assessment Improvement Program (SAIP) study nighttime cruises 2004-2009

Total number

Start-end Distance Number of of trawls (trawls Total number Length
Year Survey Dates latitude range offshore transects containing D. gigas) of D. gigas range
2004 6/30-7/01 44°40 5-85 1 5P - -
2004 8/04-8/08 44°00-44°40 5-75 2 13 - -
2004* 8/31-9/04 44°00—-44°40 5-75 2 15 (4) 15 47-66
2004* 11/05-11/11 44°00-46°40 9-65 4 20 (8) 32 50-67
2005 6/07-6/11 44°00-46°40 10-45 4 15 - -
2005* 7/11-7/14 44°00-46°40 10-40 3 11(1) 1 52
2005 8/15-8/19 44°00-46°40 10-55 4 20 - -
2005 9/19-9/23 44°40-46°40 10-55 3 14 - -
2005* 10/19-10/24 44°00-46°40 9-65 4 21 (1) 1 62
2006 5/15-5/16 46°40 10-40 1 4 - -
2006 6/15-6/17 46°10-46°40 10-40 2 7 - -
2006* 8/07-8/11 44°00-46°40 10-55 4 18 (1) 70 46-63
2006* 9/24-8/28 44°00-46°40 10-55 4 20 (8) 33 51-68
2007 5/17-5/21 44°00-46°40 10-55 4 16 - -
2007 6/16-6/20 44°00-46°40 10-55 4 16 - -
2007 7/18-7/20 44°00-44°40 11-55 2 8 - -
2007* 8/15-8/19 44°00-46°40 11-55 4 18 (5) 32 48—-68
2007* 9/11-9/15 44°00-46°10 10-55 3 15 (3) 7 56—68
2008 5/18-5/21 44°00-46°10 20-55 3 12 - -
2008 6/16-6/20 44°00-46°10 20-100 3 13 - -
2008 7/15-7/19 44°00-46°40 20-55 4 15 - -
2008 8/11-8/15 44°00-46°40 10-55 4 19 - -
2008* 9/22-9/24 44°00—-44°40 11-55 2 10 (1) 17 50-68
2009 5/16-5/20 44°00-46°40 11-55 4 17 - -
2009 6/14-6/18 44°00-46°40 20-55 4 16 - -
2009* 7/16=7/20 44°00-46°40 20-55 4 16 (1) 9 49-61
2009* 8/18-8/22 44°00-46°40 10-55 4 18 (6) 37 51-68
2009* 9/14-9/18 44°00-46°40 10-55 4 20 (9) 27 52-67

*Cruises with D. gigas
DTwo of these trawls occurred during the daytime

bution family with over-dispersed residual errors and a
log link (Ciannelli et al. 2008; 2010), using only stations
with positive squid catches (n = 48 hauls). GAMs took
the general form:

1) SAIP Dosidicus gigas Presence/Absence ~ s
(“Environmental Variable”)

2) SAIP Dosidicus gigas Count ~ Offset(In(Volume
Filtered)) + s(“Environmental Variable”)

The use of an offset term is necessary in Poisson-
distributed models, which only accept integers as input
variables (in our case squid catch). For these GAMs, the
offset term was needed to standardize Humboldt squid
catch by the volume filtered by the fishing net (in m?).
Humboldt squid captured in tows from the SAIP study
were selected as response variables because Humboldt
squid did not occur frequently enough in Predator study
tows (n = 12) to allow a formal analysis. Environmental
variables (covariates) considered included station depth,

surface (5 m) and subsurface (20 m) temperature, salinity,
density, and DO (September 2008 and May—September
2009 only). These two depth strata were chosen because
they corresponded best with the mixed layer depth and
maximum depth of the thermocline. Stratification in the
water column was approximated by taking the difterence
between the surface and subsurface water properties (i.e.,
5 m—20 m temperature, salinity, density, and DO). Bio-
logical covariates consisted of the five dominant poten-
tial prey densities (Field et al. 2007) including northern
anchovy, juvenile Pacific hake, Pacific herring (Clupea
pallasi), Pacific sardine, whitebait smelt (Allosmerus elon-
gatus), and euphausiids (Euphausiidae). We also evaluated
Humboldt squid in relation to three large scale environ-
mental variables (MEI, UI, and PDO; table 1). Mod-
els were penalized for increased curvature or increased
nodes and were evaluated based on minimizing Un-
Biased Risk Estimator (UBRE) for the binomial model
or Generalized Cross Validation (GCV) scores for the
Poisson model (Wood 2006).

99



LITZ ET AL.: SEASONAL OCCURENCES OF HUMBOLDT SQUID
CalCOFI Rep., Vol. 52, 2011

TABLE 2 (cont'd.)

Research cruise dates for two NOAA Fisheries Northwest Fisheries Science Center studies occurring from 2004-2009:
(a) the Stock Assessment Improvement Program (SAIP) study; and (b) the Predator study. Information presented
for each cruise includes survey year, dates, latitude range ("N), distance range of stations offshore (in nautical miles),
total number of transects, total trawls completed (and trawls containing Humboldt squid, Dosidicus gigas in parentheses),
total number of D. gigas caught, and the associated dorsal mantle length range (ML in cm).

b. Predator study nighttime cruises 2004-2009

Total number

Start-end Distance Number of of trawls (trawls Total number Length
Year Survey Dates latitude range offshore transects containing D. gigas) of D. gigas range
2004 4/28-4/30 46°10-46°40 4-25 2 11 - -
2004 5/08-5/10 46°10-46°40 4-30 2 12 - -
2004 5/18-5/20 46°10-46°40 4-30 2 11 - -
2004 5/29-5/31 46°10-46°40 4-30 2 12 - -
2004 6/13-6/15 46°10-46°40 4-30 2 12 - -
2004 6/13-6/25 46°10-46°40 4-30 2 12 - -
2004 7/06-7/08 46°10-46°40 4-30 2 12 - -
2004 7/17-7/19 46°10-46°40 4-30 2 12 - -
2004 8/10-8/12 46°10-46°40 4-30 2 12 - -
2005 4/19-4/21 46°10-46°40 4-30 2 12 - -
2005 5/02-5/04 46°10-46°40 4-30 2 12 - -
2005 5/12-5/14 46°10-46°40 4-30 2 12 - -
2005 5/24-5/26 46°10-46°40 4-30 2 12 - -
2005 6/04-6/06 46°10-46°40 4-30 2 12 - -
2005 6/13-6/15 46°10-46°40 4-30 2 12 - -
2005 6/26-6/28 46°10-46°40 4-30 2 12 - -
2005 7/06-7/08 46°10-46°40 4-30 2 12 - -
2005 7/30-8/01 46°10-46°40 4-25 2 11 - -
2005 8/11-8/13 46°10-46°40 4-30 2 12 - -
2006 5/11-5/13 46°10-46°40 4-30 2 12 - -
2006 5/25-5/27 46°10-46°40 4-30 2 12 - -
2006 6/01-6/03 46°10-46°40 4-30 2 12 - -
2006 6/12-6/14 46°10-46°40 4-30 2 12 - -
2006 7/05=7/07 46°10-46°40 4-30 2 12 - -
2006 7/17-7/19 46°10-46°40 4-25 2 11 - -
2006 8/15-8/17 46°10-46°40 4-30 2 12 - -
2006* 8/28-8/30 46°10-46°40 4-30 2 12 (1) 2 59-63
2007 5/07-5/09 46°10-46°40 5-30 2 10 - -
2007 5/22-5/24 46°10-46°40 5-25 2 10 - -
2007 6/04-6/06 46°10-46°40 5-25 2 10 - -
2007 6/21-6/23 46°10-46°40 5-25 2 9 - -
2007 7/08-=7/09 46°40 5-23 1 5 - -
2007 7/23-7/25 46°10-46°40 5-25 2 10 - -
2007 8/05-8/07 46°10-46°40 4-25 2 9 - -
2007 8/21-8/23 46°10-46°40 4-25 2 10 - -
2008 5/24-5/26 46°10-46°40 5-25 2 10 - -
2008 6/12-6/14 46°10-46°40 5-25 2 9 - -
2008 6/21-6/23 46°10-46°40 5-25 2 9 - -
2008 7/01-7/03 46°10-46°40 5-25 2 10 - -
2008 7/21-7/23 46°10-46°40 5-25 2 9 - -
2008 8/05-8/07 46°10-46°40 4-30 2 12 - -
2009 5/09-5/11 46°10-46°40 4-25 2 11 - -
2009 5/23-5/25 46°10-46°40 5-25 2 10 - -
2009 6/06-6/08 46°10-46°40 5-25 2 10 - -
2009 6/20-6/22 46°10-46°40 5-25 2 9 - -
2009* 7/07-7/09 46°10-46°40 5-25 2 9 (1) 5 51-56
2009 7/23-7/25 46°10-46°40 4-25 2 11 - -
2009* 8/08-8/10 46°10-46°40 5-30 2 11(1) 25 48-66
2009 8/23-8/25 46°10-46°40 4-30 2 12 (9) 2299 36-79

* Cruises with D. gigas

RESULTS

We caught Humboldt squid in 48 of 412 trawls and
during every year of the SAIP study, representing a Fre-
quency of Occurrence (FO) of 12% (table 2a). Dorsal
mantle lengths (ML) for SAIP squid ranged from 46—68

100

cm over all years (table 2a). Length frequency histograms
for SAIP study Humboldt squid catches by month and
year is given in Figure 1. Comparisons of the SAIP squid
lengths within each year by month found that squid sig-
nificantly (t-tests, all p < 0.05) increased in size from
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Figure 1. Length frequency histogram for dorsal mantle length (ML [cm]) measurements of Humboldt squid (Dosidicus gigas) caught in monthly Stock Assessment
Improvement Program (SAIP) study nighttime midwater trawls shown in Figures 2 and 3 (n = 255). Only months with positive catches of D. gigas are presented.
Months followed by a “*” represent months where lengths were significantly larger than measurements in a previous cruise. There were too few length measure-

ments in 2005 and 2007 for statistical comparison.
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Figure 2. Maps showing the distribution and density (number [106 m3]-') of Humboldt squid (Dosidicus gigas) captured during monthly spring-fall nighttime Stock
Assessment Improvement Program (SAIP) study midwater trawls between 2004 and 2006. Each map shows the shelf break isobath (200 m) and trawls with zero
squid catch are represented by a “+”. Despite similar sampling grids, no Humboldt squid were captured in cruises during the following months: June-August 2004,

June, August-September 2005, or May-June 2006 (not shown).

September to November 2004, August to September
2006, July to August 2009, but not from August to Sep-
tember 2007 or 2009. Visual inspection of Humboldt
squid densities and distributions for cruises with posi-
tive catches indicated that most squid were found oft the
shelf before August, but moved onto the shelf in later
months (figs. 2 and 3).

Minimum DO concentration (ml L) typically was
observed near the bottom of each CTD cast, as expected,
and at times reached levels considered hypoxic for some
organisms (<1.40 ml L-1). We plotted minimum DO val-
ues integrated over our entire sampling grid for cruises
after 2008 in Figure 3, with Humboldt squid densities
and distributions overlaid over the DO values. The high-
est densities of Humboldt squid occurred in August 2009
and were in hypoxic nearshore waters off the Colum-
bia River (fig. 3).
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Catches of Humboldt squid from surface trawls con-
ducted by the Predator study in 2004—2009 were much
rarer than the SAIP study. The FO for Predator study
trawls was only 2% (12 of 535 trawls; table 2b). Fur-
thermore, 11 of the 12 positive squid trawls during the
Predator study were in 2009, with the only other posi-
tive trawl in July 2006. However, in August 2009, 43%
of all Predator study trawls contained Humboldt squid,
including one 30 minute surface trawl 20 nm off the
mouth of the Columbia River at a station depth of 135
m, which contained 1,872 individuals (density of 1,671
squid [10° m3]") and estimated biomass of ~25 metric
tons [mt]). These individuals showed tremendous size
variation, ranging from 36 to 79 cm ML (table 2b) and
their density far exceeded densities (25 squid [100 m3])
measured within their native range of the Gulf of Cal-
ifornia during March and April 2007 and November
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Figure 3.  Maps showing the distribution and density (number [10® m?3]-') of Humboldt squid (Dosidicus gigas) captured during monthly spring-fall nighttime Stock
Assessment Improvement Program (SAIP) study midwater trawls between 2007 and 2009. Each map shows the shelf break isobath (200 m) and trawls with zero
squid catch are represented by a “+”. Despite similar sampling grids, no Humboldt squid were captured in cruises during the following months: May-July 2007,
May-August 2008, May-June 2006, or May-June 2009 (not shown). Beginning in 2008, we measured dissolved oxygen (DO) concentration (ml L-*) from the sur-
face to 100 m depth (or within 5 m of the bottom in stations where the depth <100 m) prior to each trawl. The last four panels show minimum DO values measured
over the water column. Note the aggregation of Humboldt squid in the area of hypoxic DO conditions (>1.4 ml L-'; dark black contour) during August 2009 on the

shelf of the two northernmost transects (Willapa Bay and Columbia River).

2008 (Matteson and Benoit-Bird 2009). At the time of
capture, large numbers of squid were observed at the sur-
face near the vessel along with schools of adult Pacific
sardine breaking the surface (personal observation).
For the SAIP study, GAMs (table 3, fig. 4) provided
best-fit models and significant (p < 0.05) environmen-
tal variables for Humboldt squid catch data. For the
binomial GAMs, salinity ranked best as an explanatory
variable for Humboldt squid presence/absence (table
3, tig. 4a). For the Poisson distribution GAMs, station
depth and subsurface water temperature, salinity and
density at 20 m were all significantly (p < 0.05) asso-
ciated with Humboldt squid and ranked best (lowest
GCV scores without being overfit) among all models
(table 3), with larger squid catches associated with a sta-

tion depth of approximately 1000 m, and water at 20 m
measuring 11-13°C, 32.4-32.8 psu, and 24.5-25.0 kg
m=, respectively (fig. 4b). No large-scale environmental
variables were reliably associated with Humboldt squid
catches because of model over-fitting (fig. 4). GAMs run
with a limited data set in which measurements of DO
were included yielded insignificant results. Additionally,
no biotic factors (prey fish) were significant variables
explaining Humboldt squid catch in SAIP study tows,
partially because there were too few prey measurements
to allow a formal analysis.

Despite higher Humboldt squid FO in SAIP study
cruises compared to Predator study cruises from 2004—
2009, we observed the highest overall squid densities
during Predator study cruises in 2009 (eight cruises alto-
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TABLE 3
Output for Humboldt squid (Dosidicus gigas) two-part conditional Generalized Additive Models (GAM:s), showing the
association between Humboldt squid catch and environmental covariates from the Stock Assessment Improvement Program
(SAIP) study. The left side (1) shows the results of GAMs from 315 tows (2004—2009) using a binomial family fit with a
logit-link function on Humboldt squid presence-absence data. Individual covariates were individually explored and can be
ranked by Un-Biased Risk Estimator (UBRE) score (smallest to largest). The associated p-values, fit, adjusted R-squared
values, and percent deviance explained are also given. The right side (2) shows results from over-dispersed Poisson GAMs
using only the 48 positive tows for squid catch fit with catch data and the log of the volume filtered. Environmental
covariates for these GAMs are ranked by Generalized Cross Validation (GCV) score; associated p-values, fit, adjusted
R-squared values, and percent deviance explained are also presented. The best models based on lowest UBRE/GCV scores
are shown in bold. Covariates examined, but excluded from the analyses because of insufficient data or over fitting include:
the large-scale environmental variables: MEI, PDO and UI; dissolved oxygen concentration, the difference between
5 and 20 m temperature, and the associated prey densities of northern anchovy (Engraulis mordax), juvenile
(10-30 cm total length) Pacific hake (Merluccius productus), Pacific herring (Clupea pallasi), Pacific sardine (Sardinops sagax),
whitebait smelt (Allosmerus elongatus), and euphausiids (Euphausiidae) from each tow.

1. Binomial GAMs (n = 315 hauls)

2. Over-dispersed Poisson GAMs (n = 48 hauls)

Deviance Deviance

Adjusted  Explained Adjusted  Explained
Variable UBRE p-value Fit R-sq (%) GCV p-value Fit R-sq (%)
Salinity 20 m -0.169 * + 0.035 5.0 12.483 o +/- —-0.348 39.1
Density 20 m -0.123 ns. ns. 0.005 1.3 12.573 . +/= —-0.265 49.7
Station Depth —-0.134 ns. ns. —-0.003 0.1 14.228 o +/— -0.778 30.7
Salinity 5 m -0.163 > + 0.026 3.5 14.823 * overfit —-0.853 41.8
Temperature 20 m -0.147 n.s. overfit 0.036 4.9 15.566 * +/— -0.939 221
Density 5 m -0.126 ns. ns. 0.004 1.7 16.097 * overfit —0.445 41.8
Salinity Difference —0.143 n.s. n.s. 0.005 1.1 16.171 n.s. n.s. -1.110 19.3
Density Difference -0.139 n.s. n.s. 0.023 4.3 17.608 n.s. n.s. —1.460 17.7
Temperature 5 m -0.167 n.s. overfit 0.043 6.7 18.650 n.s. n.s. -3.170 0.6

Significance codes: 'n.s.' p > 0.05 ™ p < 0.05 "**' p < 0.01 "**' p < 0.001

gether). We compared the time-series of squid density,
sea surface temperature (SST at 3 m), and potential prey
density (juvenile hake) observations from each Preda-
tor study cruise in 2009 (fig. 5). The PDO Index was in
phase with SST measured at the effective sampling depth
of our surface trawls (3 m; fig. 5a), and was more repre-
sentative of in situ ocean conditions measured during the
eight Predator study cruises of 2009 than either the MEI
or Ul (not shown). A clear pattern emerged between
increasing SST (and PDO Index) and increasing juvenile
hake density through August. However, when we began
catching Humboldt squid at high densities in August
2009, juvenile hake density fell to zero (fig. 5).

DISCUSSION

Changes in ocean conditions probably contributed
to northward seasonal expansions of Humboldt squid
to waters oft Oregon and Washington from 2004—-2009.
The NWESC first captured Humboldt squid in 2004,
while surveying marine resources using midwater trawls
offshore of Hecata Head, OR as part of the SAIP study
(fig. 2). In 2006, we recorded the first incidence of Hum-
boldt squid in surface trawls during the Predator study
(table 2b). The summer of 2006 was particularly note-
worthy due to a severe expanse of hypoxic water ranging

across the shelf in nearshore waters from Cape Perpetua,
OR (44°17) north to La Push, WA (47°54) (Chan et al.
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2008). Seasonal hypoxia has been observed in nearshore
waters off Oregon and Washington in all years begin-
ning in 2002, although the most severe event occurred
in the summer of 2006 (Chan et al. 2008). The repeated
hypoxic events off Oregon and Washington are con-
sidered by some to be a symptom of climate change
(Grantham et al. 2004; Levin et al. 2009). Humboldt
squid are extremely tolerant of low DO (Gilly et al.
2006), and on this basis we hypothesize that the low DO
in shelf waters oft Oregon and Washington may be suit-
able habitat for these aggressive predators.

During August and September 2006, we retained a
subsample of Humboldt squid from the SAIP study and
Field et al. (2007) conducted a dietary analysis on these
specimens (n = 24; mean ML = 54 cm in August and 58
cm in September). Although net feeding may have biased
results (Field et al. 2007), primary prey items in decreas-
ing order of abundance included juvenile Pacific hake,
northern lampfish (Stenobrachius leucopsarus), blue lan-
ternfish (Tarletonbeania crenularis), Pacific sardine, euphau-
sitds, and shortbelly rockfish (Sebastes jordani). Other prey
items included crustaceans, pteropods, cephalopods, other
unidentified coastal pelagics, mesopelagics, and flatfish.
While not necessarily representative for their whole dis-
tribution range, these findings are consistent with other
diet studies that found Humboldt squid prey on sar-
dine (Ehrhardt et al. 1983; Markaida and Sosa-Nishizaki
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Figure 4.  Significant outputs for the environmental variables used to fit the (a) binomial distribution, and (b) over-dispersed Poisson distribution Generalized Addi-
tive Models (GAMs) shown in Table 1. Variation in covariate main effects are shown along the x-axes, whereas the y-axes represent spline smoother functions for
Humboldt squid (Dosidicus gigas). The grey area represents 95% confidence intervals surrounding the covariate main effect.

2003), hake (Markaida and Sosa-Nishizaki 2003), mack-
erel (Sato 1976; Ehrhardt et al. 1983), and anchovies
(Sato 1976; Markaida et al. 2008), all of which are major
fisheries in the CCS that could be impacted by range
expansion of this predator. Furthermore, recent evidence
of predatory attacks on juvenile and adult Pacific salmon

(Oncorhynchus spp.; L. Weitkamp, NWFSC Newport and
J. Field, SWESC Santa Cruz, personal communication)
suggests that salmonids may be impacted by Humboldt
squid predators as well. There is clearly a need to develop
alternative Humboldt squid diet sampling strategies to
better understand their prey field for future work.

105



LITZ ET AL.: SEASONAL OCCURENCES OF HUMBOLDT SQUID
CalCOFI Rep., Vol. 52, 2011

20 - - 02
_ a. 3-m Temperature — o
O 18 - 0.0
e <
16 - F-02 o
> 14 L o ? 04 £
© ] - L 04 =
: e Nl g o
5 T | R
(O] 10 - -0.8
= ® @ PDO Index
8 T T T T T T T T -10
ey 0% ey 23500 0600 2025 0703 2283 08104 252
5~ 12 1 . - 02
e b. Juvenile hake o e
< 10 A - 0.0
o
ANy x
-~ L 02 @
\8/ I o 2
= °7 o
e 4 Q
A <
8’) 27 ® ?
4 0 . ‘ -
ey 0% oy 23500 06050 2025 0705, 2283 0810 232
& T . - 02
E 4.C Humboldt Squid o e
% - 0.0
A\ 5 - ¢
= --02 o
CC) 4 . . .............. ._.' -g
> ‘ - 04 =
= 3 b "'.. . Y O
2 5 --06 2
(O]
%) 19 @ e Py - 0.8
(@]
S0 : ‘ ‘ ‘ - : L 1.0
1oy 0%y 2500 06000 2025 0705, 2280 0800, 2322

Figure 5. Plots showing (a) surface (3 m) temperature; (b) density (number [106 m3]-') of juvenile (10-30 cm total length) Pacific hake (Merluccius productus); and (c)
density (number [106 m3]-') of Humboldt squid (Dosidicus gigas) recorded during the eight NOAA Fisheries Northwest Fisheries Science Center Predator study cruises
conducted biweekly between May and August 2009 (dates on x-axis). Overlaid behind each plot is the monthly value of the Pacific Decadal Oscillation (PDO) Index
during each sampling period. Note the absence of juvenile Pacific hake during the last cruise (August 23-25, 2009), coincident with high densities of Humboldt squid.

Humboldt squid have been shown to exhibit tremen-
dous variability in their growth rates and age at maturity
(Keyl et al. 2008). In both the SAIP and Predator stud-
ies, squid captured earlier in the sampling season (July—
August) tended to be smaller than squid captured in later
cruises (September—November), which we hypothesize
is related to growth (fig. 1). However, as an aggressive
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and fast-growing predator, capable of migrating up to 30
km day! and making diel vertical migrations upwards of
1,000 m (Gilly et al. 2006), the physiological and ener-
getic demands of growing so large so quickly, coupled
with a semelparous reproductive strategy, make growth
patterns in individuals encountered during our study
difficult to estimate.
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Humboldt squid are opportunistic predators, yet
Pacific hake ranging from 2—42 ¢m TL represented the
most numerically important prey item from northern
CCS samples in diet studies to date (Field et al. 2007).
Prior to the 1997 El Nino, juvenile Pacific hake were
rarely documented in the northern CCS. Recent sur-
veys have revealed northward expansion of hake spawn-
ing and juvenile recruitment habitat (Phillips et al. 2007;
Ressler et al. 2007), which overlaps with the observed
range expansion of Humboldt squid from 2004-2009.
We found that juvenile hake densities were reduced
coincident with Humboldt squid presence in the north-
ern CCS in 2009 (fig. 5), which was unexpected given
that juvenile hake density within our study area in recent
years increased in late summer (Emmett et al. 2006; Phil-
lips et al. 2007). However, the degree to which this was
significant is unknown. Total commercial U.S. landings
of Pacific hake decreased from 248 thousand mt in 2008
to 122 thousand mt in 2009, a reduction of 51% (Stew-
art et al. 2011), and similarly low total U.S. commercial
hake landings were reported in 2010 (161 thousand mt).
Holmes et al. (2008) suggested that squid predation as
well as secondary effects on schooling behavior and dis-
tribution of Pacific hake was important to this fishery,
but the primary reason for the decline in total U.S. hake
catches in 2009 and 2010 was the decline in coastwide
allowable catches (optimal yield), based on stock assess-
ment results (Stewart et al. 2011).

While it is unlikely that the current data sources
will be able to detect squid-related changes in popula-
tion dynamics, our results indicate that the top-down
effects of predation exerted on Pacific hake by Hum-
boldt squid could have a negative effect on recruitment
of this important species. Currently, Pacific hake repre-
sent the largest fishery along the U.S West Coast. There
is evidence from the Chilean hake fishery that squid
may have a large and adverse impact on abundance due
to direct predation of individuals of all sizes (Alarcon-
Muiioz et al. 2008). Ongoing research at the NWESC
includes developing an index of hake recruitment in the
northern California Current, quantifying the bioener-
getic effects of the Humboldt squid on prey resources
in this region (e.g., Field et al. 2007), and modeling the
potential ecosystem impacts of Humboldt squid on
extant fish populations.

Our GAM analyses confirmed that Humboldt squid
was most likely to occur in warmer (12—14°C) water
temperatures in water at approximately 1000 m depth.
Subsurface salinity was also a significant covariant with
Humboldt squid density, revealing the importance of
understanding the physical and biological dynamics of
the epipelagic region as an area of opportunistic preda-
tion. Follow-up work should include more detailed and
broader scale distribution information and include data

from daytime trawling and/or acoustics. Unfortunately,
there were too few DO measurements to provide mean-
ingful results in our GAMs, although we still consider
DO a reasonable explanatory abiotic variable for future
consideration, particularly given the observed associa-
tion between squid and DO in August 2009 (fig. 3).
Our GAM findings are consistent with observations
from recent tagging (Gilly et al. 2006) and diet (Field et
al. 2007; Markaida et al. 2008) studies implicating that
the dynamics of the upper boundary of the OMZ is
important to Humboldt squid foraging ecology. We con-
clude that the physical properties (including the OMZ)
and source water (from basin-wide phenomenon such as
El Nifno) of the epipelagic region determines commu-
nity structure within the northern CCS, and is critical
in determining seasonal Humboldt squid foraging visits.
The fact that no biotic factors (prey fish density)
ranked as significant covariates with Humboldt squid
in SAIP tows in any of our GAMs was related to dif-
ferences in catchability of the prey sampled at 30 m
in SAIP study midwater tows, patchy distribution both
temporally and spatially for the prey field and Humboldt
squid, and perhaps predator avoidance (table 3, fig. 4).
The reliance on midwater trawl caught data from night
efforts is too limiting to draw strong conclusions owing
to the highly variable catchability of the different species,
variability of diurnal behavior among the different prey
species and the highly variable day-night depth distri-
butions among all species. Many prey fish in the north-
ern CCS are at the surface at night (Emmett et al. 2004;
2006), and therefore sampling the density and distribu-
tion of prey fishes is best accomplished by fishing at the
surface at night. The eftect of surface-caught prey (from
Predator study catches) on Humboldt squid density is
not represented in the biotic variables presented in our
GAM analysis, and should be addressed in future studies.
Despite similar sampling efforts by the NWFSC in
2010, no Humboldt squid were caught off Oregon and
Washington from May—September (Litz unpublished data).
Based on these results, we conclude that ocean conditions
were not favorable in 2010 to support a northerly shift
of Humboldt squid and/or that available prey resources
were not as abundant in 2010 as in other years. In addi-
tion, the lack of any known occurrences of larval or juve-
nile specimens in the northern CCS implies there was no
Humboldt squid spawning or recruitment oft Oregon and
Washington during 2008-2009, and that the seasonal vis-
its of Humboldt squid to the northern CCS during the
period from 2004 to 2009 were opportunistic and prob-
ably related to feeding and not reproduction. However,
ongoing research efforts in waters oft Oregon and Wash-
ington will continue to monitor future Humboldt squid
foraging visits, habitat associations, and predator-prey rela-
tionships within the northern California Current.
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ABSTRACT

The first occurrence of the neurotoxin domoic acid
(DA) in Humboldt squid (Dosidicus gigas) during a toxic
Pseudo-nitzschia bloom in the Southern California Bight
is reported. Bloom levels of cells within the Pseudo-
nitzschia delicatissima group were detected on 6 July 2009
at 4 nearshore collection sites in the Southern Califor-
nia Bight (Scripps Pier, Newport Pier, Goleta Pier and
Sterns Whart). Particulate DA was detected in all of these
locations, except for Newport Pier. Stranded Humboldt
squid were found south of the Scripps pier 5 days after
the toxic bloom was detected. DA was measured using
ELISA and low DA concentrations were detected in
the stomach or mantle tissue of the stranded specimens.
Stomach content analysis indicated that possible DA vec-
tors to Humboldt squid included both pelagic (Pacific
hake, Merluccius productus, and Pacific sardine, Sardinops
sagax) and nearshore (pile surtperch, Damalichthys vacca,
and shiner surfperch, Cymatogaster aggregata) fish species.
Although low DA levels were detected in stranded squid
specimens, neurological symptoms of DA toxicity were
not observed and low DA concentrations alone may not
have been the cause of the strandings. Further studies
should focus on DA toxic eftects in D. gigas to verify
whether this pelagic predator can be affected by a toxin
frequently detected in pelagic ecosystems influenced by
the California Current System.

INTRODUCTION

The Humboldt squid Dosidicus gigas is a large nerito-
oceanic squid and an important link between lower
trophic levels and apex predators in the pelagic food
web. D. gigas is an opportunistic predator of small meso-
pelagic, pelagic and demersal fish, crustaceans and squid
(Markaida and Sosa-Nishizaki 2003; Field et al. 2007)
and common prey for billfish, sharks, pinnipeds, and
toothed whales (Olson and Watters 2003; Ruiz-Cooley
et al. 2004; Vetter et al. 2008). D. gigas is endemic to

JOHN C. FIELD
Fisheries Ecology Division
Southwest Fisheries Science Center
National Marine Fisheries Service
110 Shaffer Road
Santa Cruz, California 95060, USA
MELISSA L. CARTER, MARK D. OHMAN

Scripps Institution of Oceanography
University of California at San Diego
9500 Gilman Drive
La Jolla, California 92093-0218, USA

the eastern Pacific Ocean between 30°N and 20-25°S
and 140°W (Nigmatullim et al. 2001) and can cover
great horizontal distances within this range at speeds
up to 30 km d! (Gilly et al. 2006). Poleward excursions
have been reported in both hemispheres, with signifi-
cant range expansions taking place over the past decade
(Zeidberg and Robison 2007; Field et al. 2007; Alarcon-
Muiioz et al. 2008).

Large-scale (ranging from dozens to thousands of
individuals) beach stranding events of D. gigas have taken
place both historically and recently along the Eastern
Pacific rim, particularly in the fringes of the squid’s range
and during periods of episodic high abundance (Mearns
1988; Alarcén-Muioz et al. 2008). Beach strandings fre-
quently result in flurries of short-term media attention
and speculation into the causes of mortality, often with
minimal scientific consultation. The frequency and range
of reporting on these events has spiked over the past five
to ten years along the west coast of the USA and Canada
(fig.1). Among the most significant strandings in recent
years include events in July 2002 in La Jolla, CA; Octo-
ber 2003 in Carmel, CA; October 2004 in Westport, WA;
January 2005 in Los Angeles and Newport Beach, CA;
March 2005 in Oceanside, CA; October 2008 in West-
port, WA; July 2009 in La Jolla, CA (samples reported
in this manuscript); September 2009 in Westport, WA,
Seaside, OR and Vancouver Island, British Columbia
(J. Field, unpublished data). The reasons for D. gigas mor-
tality and strandings remain unknown.

The primary focus of this paper is to explore the
hypothesis that D. gigas can be exposed to domoic acid
(DA) during toxic Pseudo-nitzschia algal blooms. Investi-
gation of this hypothesis may help understand whether
or not domoic acid poisoning (DAP) can be considered
a contributing factor to D. gigas mortality and strandings.
DA is a neurotoxin produced by several species of the
diatom Pseudo-nitzschia (Moestrup and Lundholm 2007)
and has caused mass mortality of marine mammals and
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Figure 1. Frequency of media reports of stranding events in California and the Pacific Northwest over the past forty years.

birds (Work et al. 1993; Scholin et al. 2000). However,
determining that DAP is the cause of death in marine
animal strandings is difficult. Studies that have come to
that conclusion used a combination of observations such
as (1) DA detection in hundreds of specimens in ques-
tion and/or in their prey items; (2) DA detection in the
water along with high concentration (<10* cells L") of
DA-producing cells; and (3) observations of typical DA
neurological symptoms (i.e., seizures, ataxia, head weav-
ing, and stereotypic scratching) and (4) histopathology to
show lesion in hippocampus brain region characteristic
of DA poisoning (Work et al. 1993; Scholin et al. 2000;
Gulland et al. 2002).

Accordingly, pelagic predators have been detected
with DA, but DA toxicity effects and whether or not
DA could cause the death of these animals have not been
verified. For example, North Atlantic right whales (Euba-
laena glacialis), pygmy sperm whales (Kogia breviceps) and
dwarf sperm whales (Kogia sima) found stranded along
the U.S. Atlantic coast were tested positive with low DA
levels (Fire et al. 2009; Leandro et al. 2010), but DA tox-
icity symptoms were not determined in these studies and
thus DA could not be related to the cause of stranding.
However, Leandro et al. (2010) hypothesized that the
observed long-term exposure of North Atlantic right
whales to DA may perhaps enhance mortality due to
other well-documented factors in their populations since
it has been found that chronic DA exposure can impair
navigational abilities of other marine mammals such as
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sea lions (Goldstein et al. 2007). Furthermore, high DA
levels have been found in feces and prey of blue whales
(Balaenoptera musculus) and humpback whales (Megaptera
novaeangliae) during a toxic Pseudo-nitzschia bloom in
Monterey Bay (California, USA) (Lefebvre et al. 2002).
Although DA toxicity was not observed, the high DA
doses that these whales were exposed to could lead to
DA neurotoxicity effects (Lefebvre et al. 2002).
Additionally, DA has been detected in cephalopods
such as market squid (Loligo opalescens), cuttlefish (Sepia
officinalis) and common octopus (Octopus vulgaris) atter
feeding on DA-contaminated prey items (Costa et al.
2004;2005; Bargu et al. 2008). D. gigas could be exposed
to DA through a variety of vectors. Humboldt squid are
active predators of small pelagic fish such as northern
anchovies (Engraulis mordax) and Pacific mackerel (Scomber
Jjaponicus) (Markaida and Sosa-Nishizaki 2003; Markaida
2006; Field et al. 2007), which have been previously
identified as DA vectors to marine mammals and birds
(Sierra-Beltran et al. 1998; Lefebvre et al. 1999). Krill are
also a potential vector of DA, as they are a prey item of
D. gigas (Field et al. 2007) and have been found to acquire
DA (Bargu et al. 2003). Furthermore, Pacific hake con-
sume both krill and northern anchovies (Buckley and
Livingston 1997; Mackas et al. 1997), and are a key prey
item of D. gigas in California waters (Field et al. 2007).
DA effects in cephalopods have not been confirmed.
Only a few studies focused on the DA effects in inver-
tebrates, mostly shellfish, and the results are conflict-
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ing (Maeda et al. 1987; Jones et al. 1995a; b; Dizer et
al. 2001; Blanco et al. 2006; Liu et al. 2007a, b, 2008).
However, D. gigas might be susceptible to DA neurotox-
icity effects. DA is structurally similar to glutamic acid,
a neurotransmitter in central nervous systems (CNS) of
mammals (Nakajima et al. 1985). Such a similarity allows
DA to bind to the same receptors of glutamic acid and
trigger a cascade of molecular reactions inducing neu-
ronal degradation, and consequently, DA neurotoxicity
effects (Pulido 2008). Evidence indicates that DA binds
with high affinity to 2 glutamate receptor subtypes: kai-
nic acid and AMPA receptors (Hampson et al. 1992); a
third receptor subtype, NMDA, is a co-participant in
inducing DA neurotoxicity effects (Pulido 2008). These
receptors are concentrated in the hippocampus of mam-
mals (Foster et al. 1981; Debonel et al. 1989; Scallet et al.
1993), a brain region responsible for memory and spa-
tial navigation and thus, hippocampus lesions are com-
mon in mammals and humans after exposure to specific
DA doses (Teitelbauum et al. 1990; Gulland et al. 2002).
Cephalopods have the largest brains of any invertebrate
with a complexity analogous to those of vertebrates
(Messenger 1996), and it has been suggested that the
arrangement of neurons in the vertical lobe of octopus
is involved in memory and it has structural similarities to
the vertebrate hippocampus (Boycott and Young, 1950;
Young, 1965). Moreover, glutamic acid also serves as a
neurotransmitter in invertebrates (Messenger, 1996) and
all 3 subtypes of glutamate receptors (i.e., kainic acid,
NMDA and AMPA receptors) have been detected in
central and peripheral nervous systems of cephalopods
(Evans et al. 1992; Messenger, 1996, Garcia 2002; Lima
et al. 2003; Di Cosmos et al. 2004). The fact that ceph-
alopods have highly developed CNS and similar glu-
tamate receptors as mammals potentially indicate that
Humboldt squid may be susceptible to DA neurotoxic-
ity effects.

The goal of this study was to ascertain whether beach
stranded D. gigas found in two different locations in San
Diego (California, USA) were exposed to DA during the
summer of 2009. Our approach was to (1) measure DA
in stomach content and lining as well as in mantle tissue
of 5 stranded D. gigas, (2) analyze surface water particu-
late DA in locations within 300 km of the stranding site,
and (3) examine the stomach contents of the stranded
individuals to identify possible DA vectors.

METHODS

Water Sample Collection

Surface (~1 m) seawater samples were collected
weekly from five pier sampling stations as part of
the Southern California Coastal Ocean Observing
(SCCOOS) Harmful Algal Bloom Monitoring Program

122 120 118" 116"

Figure 2. Locations of samples collected for DA analysis and Pseudo-
nitzschia identification and quantification: Scripps Institution of Oceanogra-
phy Pier (SIO), Newport Pier (NP), Santa Monica Pier (SM), Stearns Wharf
(SW), Goleta Pier (GP). Stranded squid were found between 3km and 6km
south of the SIO pier.

(fig. 2). Samples were collected with surface bucket and
provided subsamples for DA analysis and Pseudo-nitzschia
identification and quantification. Cross-contamination of
samples was avoided by acid washing the sampling gear
and bucket with dH,O 3 times after sample collections
and 3 times with seawater before sample collections.

DA in Seawater

Particulate DA concentrations were measured by fil-
tering 200 mL of seawater onto GF/F Whatman filters.
Filters were stored frozen at —80°C until shipped in dry
ice and analyzed within 1 week to 5 months of sam-
ple collection, using Rapid Enzyme-Linked Immuno-
sorbent Assay (ELISA) obtained from Mercury Science,
Inc. (Durham, NC27713) at the University of Southern
California following Schnetzer et al. (2007). The detec-
tion limit for the ELISA assay on water samples was
0.02 ng mL-! (ppb).

Toxic Psendo-nitzschia Identification
and Quantification

Abundances of two size class categories of the genus
Pseudo-nitzschia, seriata group (frustule width > 3 pm)
and delicatissima group (frustule width < 3 pm), were
determined from settling 10-50 mL of seawater pre-
served with 4% formaldehyde (Uthermohl 1958). Cells
were categorized under an inverted light microscope.
DA-producing Pseudo-nitzschia species are found in both
of these groups (Hasle and Syvertsen 1997; Moestrup
and Lundholm 2007).

Humboldt Squid Sample Collection

Stranded D. gigas were collected on 11 July 2009 at
La Jolla Shores beach and on 12 July 2009 at La Jolla
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TABLE 1
Domoic acid content (ug g~ or ppm) of Dosidicus gigas specimens collected in La Jolla, CA, on 11-12 July 2009.

Tissues analyzed for Number of Date Individual

domoic acid (DA) Mean SD Median Range replicates Collected Size (cm) Sex

Stomachs 0.27 0.05 0.3 0.2-0.3 3 11-Jul-09 na na
nd nd nd nd 3 11-Jul-09 na na
nd nd nd nd 3 11-Jul-09 na na
nd nd nd nd 3 12-Jul-09 63 Female
nd nd nd nd 3 12-Jul-09 63 Female

Mantle tissue 0.43 0.05 0.4 0.4-0.5 3 11-Jul-09 na na
nd nd nd nd 3 11-Jul-09 na na
nd nd nd nd 3 11-Jul-09 na na
nd nd nd nd 3 11-Jul-09 na na

Cove. The stranding event was relatively small; only
five animals were found in sufficiently good condition
to be sampled. Based on media reports and conversa-
tions with beachgoers, we concluded that the animals
stranded in the early morning of 11 July, and that they
were alive at the time of stranding. At the time of dis-
section, they were dead, most likely through a combi-
nation of asphyxiation and partial predation by seagulls.
We estimate that the animals dissected on 11 July had
been dead for 6-8 hrs, while those dissected on 12 July
had been dead for 24-30 hrs. The mantles were in suffi-
ciently good condition that dorsal mantle length (DML)
could be measured. Stomachs and samples of mantle tis-
sue (approximately 2X2X2 cm) were removed and frozen
at —20°C, then moved to —80°C within 48 hrs. All sam-
ples were kept frozen for 3—4 months until stomach con-
tent observations and DA analysis could be performed.

Stomach Content and DA Analysis
of Humboldt Squid

The stomach contents of the five squid sampled for
DA were evaluated as described in Field et al. (2007).
Following these observations, DA was analyzed in stom-
ach contents and lining (hereafter referred to as stomach)
and mantle tissue using ELISA obtained from Mercury
Science, Inc. (Durham, NC27713). Stomach and man-
tle tissue samples were weighed and each sample was
homogenized with a hand-held tissue homogenizer (Tis-
sue Mixer, model PNF2110, Fisher Scientific). Aliquots of
4 g were removed from the homogenized samples and
16 mL of 50:50 MeOH:Nanopure was added. Samples
were then sonicated with a Sonitier cell disruptor (Model
W 185D, Branson Sonic Power) and centrifuged for 20
min at 3800 rpm (1698 X g). The supernatant were fil-
tered through a 3 pm polycarbonate filter. The filtrate
was diluted at 1:100 and 1:1000 in the buffer solution
provided in the ELISA kit and aliquoted in 3 replicates
for each sample (table 1). Samples diluted at 1:1000 were
below the detection limit of 0.1 ng mL™" (ppb) in the
ELISA kit, but samples in the 1:100 dilution were within
the detection limit. The diluted samples were used in
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the ELISA plates following the protocol accompanying
the kit. An EMax Precision Microplate Reader (Model
E10968, Molecular Devices) was used to measure absor-
bance at 450 nm. Final concentrations of DA in squid
samples are expressed as pg DA g1 wet tissue mass.

RESULTS & DISCUSSION

DA was detected in the stomach of one D. gigas spec-
imen and in the mantle tissue of one specimen found
stranded in La Jolla beach (table 1). Mantles and stom-
achs were not labeled individually, so it is unknown
whether the specimen with DA in its mantle tissue also
had DA in its stomach. Low particulate DA concen-
tration, just above the detection limit, was recorded in
surface waters at Scripps Pier 5 days before the strand-
ing occurred (fig. 3A). Scripps Pier is located 3 to 5 km
north of the stranding locations, well within documented
swimming speeds for D. gigas of 30 km day~' (Gilly et al.
20006). Particulate DA was also detected on Goleta Pier
and Stearns Wharf, but those are located >30 km north
of the stranding location (fig. 2 and 3A). DA levels at
these three sites peaked on 6 July 2009 and tapered off to
below detection levels within one to three weeks. Peak
DA concentrations for July occurred at the same time as
an increase in the abundance of cells within the Pseudo-
nitzschia delicatissima group was observed (fig. 3C). At
these 3 locations, P delicatissima group densities ranged
from 5.6 X 10* to 5.4 X 103 cells L', which are typical
bloom levels (i.e. >103 cells L-!). Moreover, the abun-
dance of cells within the Pseudo-nitzschia seriata group
never exceeded 9.1 X 102 cells L' at the Scripps Pier.
This suggests that Pseudo-nitzschia species from the deli-
catissima group were probably responsible for the DA
production at that time.

Squid stomach analyses indicated the presence of
Pacific sardine, shiner surtperch (Cymatogaster aggregata),
and pile surfperch (Damalichthys vacca). DA has been
detected in Pacific sardine and other surfperch species
(i.e. rainbow surfperch) within 7 days of the detection
of DA in surface waters (Mazzillo et al. 2010), suggesting
that these fish found in the stomachs of D. gigas could
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Figure 3. Particulate domoic acid (DA) levels (a), and cell density of Pseudo-nitzschia delicatissima group (b) and
Pseudo-nitzschia seriata group (c) for 1-30 July 2009 from surface waters (1m) at five sites along southern the California
coastline: Scripps Pier (), Newport Pier (#), Santa Monica Pier (0), Goleta Pier (A), and Sterns Wharf Pier (x). Arrows
in panel (a) indicate collection dates for squid analyzed here: horizontal dashed line indicates analytical detection limit.

have been the DA vectors. Other prey items and poten-
tial DA sources included Pacific hake, topsmelt silver-
sides (Atherinops affinis) and an unidentified species of
Gonatus squid, future work should include the exami-
nation of these species during periods of algal blooms.
Macroalgae and sand were also observed in all stomachs,
suggesting other behaviors that are not typical of the
class cephalopoda.

Here we showed that D. gigas can be exposed to
DA by preying on pelagic and nearshore species when
toxic Pseudo-nitzschia blooms are detected. However,
linking the Humboldt squid strandings themselves to
domoic acid poisoning (DAP) is difficult. First, DA was
not detected in all stranded individuals, indicating that
there could be other reasons for their death. Most of
the observed prey items are frequently, if not exclusively,
found in shallow water, and the nearshore species are
unusual targets for D. gigas, further demonstrating the
opportunistic feeding strategy of this species. The pres-

ence of sand and algae in the stomachs also supports the
hypothesis that these animals were actively foraging in
shallow waters. It this is an atypical habitat for them to
exploit, they may have become disoriented and acciden-
tally swam onshore.

Second, we cannot determine from this study whether
DA was absorbed from the stomach into the bloodstream
and interacted with the squid nervous system via blood
causing DAP, although we have evidence that DA was
transferred to the mantle tissue. We measured low DA
values in the squid stomach (table 1) and DA absorp-
tion from the gastrointestinal tract to the bloodstream is
known to be minimal in vertebrates (Iverson et al. 1989;
Truelove et al. 1997; Lefebvre et al. 2001). The range
of DA values detected in the stomach and mantle tis-
sue of stranded squid is within the lower limit range of
DA detected in body fluids of DAP stranded California
sea lions. Urine and serum of California sea lions were
found to contain 0.03-3.72 pg DA mL~! and 0.17-0.20
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png DA mL!, respectively (Scholin et al. 2000). However,
Scholin et al. (2000) also measured DA levels >6,000
times higher in fecal material, and observed common
DAP neurological symptoms in addition to the detec-
tion of DA, making the DAP diagnosis in these marine
mammals more certain.

Although DAP was implicated in mass mortality of
marine birds and sea lions (Work et al. 1993; Scholin et
al. 2000), the causes of other marine mammal strandings
remain largely unknown (Bogomolni et al. 2010), and
the same appears to be true of Humboldt squid strand-
ings. Even though we report for the first time D. gigas
exposure to DA, our results cannot be implicated as the
cause of death of the stranded squid since we do not
know whether the low DA concentrations measured
were absorbed from the squid gastrointestinal tract into
the blood and interacted with squid CNS at enough
concentrations to cause neurotoxicity eftects. Neverthe-
less, it is quite possible that D. gigas could be exposed to
higher DA levels than those observed here, since higher
DA levels have been previously detected in the waters
off the coast of California and in the prey of D. gigas
(Trainer et al. 2000; Busse et al. 2006; Anderson et al.
2009; Mazzillo et al. 2010). Additionally, cephalopods
have the similar glutamate receptor sites as mammals, and
as DA binds to these sites it triggers toxicity which indi-
cates that D. gigas can potentially be susceptible to DA
neurotoxicity effects. However, juvenile leopard sharks
(Tiiakis semifasciata) appear not to be affected by DA even
though it possesses kainic acid-type glutamate receptors
(Schafter et al. 2006). Thus, D. gigas susceptibility to DA
toxicity is possible, but remains an unanswered ques-
tion. Laboratory studies designed to verify DA toxic-
ity in squids could be performed using the California
market squid (Doryteuthis opalescens) or Atlantic longfin
squid (Doryteuthis pealei) as models since D. gigas cannot
be kept in captivity for more than 10 days. Laboratory
experiments should include observations of squid behav-
ioral response to DA doses, measurements of DA uptake,
as well as quantification of DA in brain tissue to evaluate
whether or not DA toxicity occurs in squids and thus
could responsible for D. gigas mass strandings. Sampling
larger D. gigas stranding events would also be desirable,
as our sample size for this study was limited by the small
number of stranded individuals.
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ABSTRACT

This paper updates estimates of critical stock assess-
ment parameters for the central subpopulation of north-
ern anchovy (Engraulis mordax). Ichthyoplankton data
from the CalCOFI database were used to implement the
historical egg production method and estimate annual
mortality curves, from which daily egg production,
and egg and larval mortality parameters were derived.
Spawning biomass was estimated using historical data
under the assumption of a constant daily specific fecun-
dity. A Ricker recruitment model, augmented with envi-
ronmental factors, was estimated based on historical data
and used to predict recruitment using the new spawning
biomass data. We found that egg densities were highly
variable while larval densities have been persistently low
since 1989. Recruitment estimation suggests that poor
environmental conditions have potentially contributed
to the low productivity. Mortality estimation reveals
through an increasing egg mortality rate that low lar-
val densities were primarily the result of high mortality
during the pre-yolk-sac period.

1 INTRODUCTION

This paper updates the egg production statistics,
spawning stock biomass, and recruitment time series
from 1981-2009 for the central subpopulation of north-
ern anchovy (Engraulis mordax) which occupies the Cali-
fornia Current Ecosystem from San Francisco, California
south to Punta Baja, Baja California, Mexico. It is the
largest of the North Pacific subpopulations, and sup-
ported a significant U.S. fishery throughout the 1970s
and 1980s. In 1978 the fishery came under federal man-
agement through the Pacific Fisheries Management
Council’s (PFMC) Northern Anchovy Fishery Man-
agement Plan (FMP) (PFMC 1978). In 1983 the FMP
was amended (Amendment 5) in recognition that harvest
should be adjusted annually to reflect the current status
of the stock (PFMC 1983) and annual stock assessments
were conducted to inform the annual U.S. anchovy har-
vest quota.

During the 1980s anchovy abundance started to
decline as environmental conditions in the California
Current ecosystem became less favorable for anchovy
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productivity. Concurrently, the conditions were favor-
able for the recovery of the Pacific sardine (Sardinops
sagax caerulea) population and fishing effort began to shift
from anchovy to sardine. With the shift in fishing effort
from anchovy to sardine, conservation and management
resources were redirected toward managing the expand-
ing sardine fishery, and since 1995 no stock assessments
have been conducted for the central subpopulation of
northern anchovy (Jacobson et al. 1995). Our updated
stock statistics are intended to provide valuable infor-
mation about the anchovy’s abundance trajectory over
the past 15 years.

The core range of the bulk of the central subpopu-
lation lies within the California Bight. Portions of the
central subpopulation, thought to be smaller, exist north
off the coast of San Francisco and Monterey, as well as
south in Mexico (PFMC 2010).The bight has been reg-
ularly sampled by research cruises since 1949 and cata-
loged in the California Cooperative Oceanogrpahic and
Fisheries Investigation (CalCOFI) database. The cruises
conducted ichthyoplankton surveys at regular intervals,
known as CalCOFI stations (Eber and Hewitt 1979).
Anchovy ichthyoplankton from the surveys is preserved
and later larvae are counted and lengths recorded, while
eggs are only counted. The perserved lengths allow for
the binning of larvae counts and aging, known as stag-
ing (Lo 1985a).

Numerous methods have been developed to analyze
anchovy ichthyoplankton data (Hewitt 1981; Zweifel
and Smith 1981; Hewitt and Methot 1982; Lasker 1985).
The historical egg production method (HEPM) of Lo
(1985a) is the method most amenable to the available
CalCOFI data and is the closest to the daily egg pro-
duction method (DEPM) (Lasker 1985) currently used
for sardine (Lo et al. 2008). The HEPM is a method for
estimating daily egg production (Py) and other early life
history mortality parameters of archived ichthyoplank-
ton data. The HEPM was designed to provide indices of
abundance for anchovy dating back to 1951 when no
staging data for anchovy eggs were available. The DEPM
was designed to estimate the spawning biomass for fish
populations with indeterminate fecundity like anchovy
and sardine (Hunter and Macewicz 1985) but requires
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Figure 1.

staged eggs. While the more data intensive DEPM is pre-
ferred, HEPM provides an unbiased index of the daily
egg production (Lo 1985a). The spawning stock bio-
mass can then be estimated using daily egg production
and daily specific fecundity of the stock (Parker 1980;
Hewitt 1985).

The Ricker stock-recruitment model (Ricker 1954)
can in turn be used to estimate recruitment from spawn-
ing biomass. The stock-recruitment relationships are typ-
ically highly variable as it spans the development phases
of growth which are subject to a variety of influence.
Theories explaining the dynamics of fishes often cite
sensitivity in recruitment linked to environmental factors
(Aydin 2005) as being a major driver. Previous research
shows that anchovy recruitment success is influenced by
wind stress driven upwelling (Husby and Nelson 1982;
Peterman and Bradford 1987; Rykaczewski and Check-
ley 2008) and temperatures in the upper strata of the
ocean (Butler 1989; Zweifel et al. 1976; Fiedler et al.
1986). We augment the Ricker model with wind stress
and temperature to produce an environmental Ricker
stock-recruitment model.

In this paper, daily egg production and mortality
parameters were estimated using the HEPM. Spawn-
ing biomass was estimated using a model that regressed

118°W

CalCOFI Stations in the core range. From: http://www.calcofi.org/cruises/stapos-depth/75stapattern.html accessed 08/23/10

daily egg production on historical spawning biomass data
(Jacobson et al. 1995) thereby assuming constant daily
specific fecundity over time. Historical stock and envi-
ronmental data was used to estimate the environmental
Ricker stock-recruitment model and statistical validity
of the model was explored. Bootstrapping was used to
characterize variation in mortality.

2 DATA AND METHODS

2.1 Data

Data for the analysis was obtained from the Cal-
COFI database. Data were constrained to the central
subpopulation’s core range of the 75 CalCOFI stations
(fig. 1) south of CalCOFI line 76.7 and north of line
93.3. Ichthyoplankton surveys over the core range from
1981-2009 were used. Our analysis was constrained to
data collected during the peak anchovy spawning season
between January and April (Hewitt and Methot 1982;
Hewitt and Brewer 1983). We verified in our data that
the peak spawning season has remained in this interval.
The 75 stations analyzed had a median sampling fre-
quency of 2.03 samples per year between Jan—April.
Each cruise was weighted equally in our analysis.

Three different types of nets were used for ichthy-
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oplankton surveys over 1981-2009. The CalBOBL or
Bongo net (CB), the CalVET (CV'T) and two con-
nected CalVET nets called the PairOVET (P1) (CV'T
and PV are referred to collectively as CV'T/PT))!. Our
analysis utilizes ichthyoplankton samples from CB and
CVT nets for 1981-1984 and CB and PV nets for
1985-2009.

2.2 Daily egg production

Egg production methods estimate the production of
eggs at age zero, the time of spawning. Estimation of age-
zero egg production per 10 m2 (P,) from the counts of
eggs and larvae was carried out in a series of steps. Pro-
cedures for correcting raw ichthyoplankton counts and
aging have followed the literature closely and incorpo-
rate previously derived parameters. Appendix A provides
details on the methods used for egg and larval density
construction and aging, and they are summarized in the
following paragraph.

First, larvae were sorted into size classes based on pre-
served larval size. The size classes were 2.5 mm, 3.25 mm,
4.25 mm,..., 9.25 mm?. Extrusion and avoidance correc-
tions were applied and standard haul factors were used
to rescale egg and larval counts to a 10 m? area-density
(appendix A1).The time it takes eggs to reach the devel-
oped stage, incubation time (t!), was calculated using a
temperature-dependent relationship (Lo 1983). A live
larval length correction was made to preserved samples,
and live lengths were used in a temperature and month-
dependent two-stage Gompertz growth curve (GGC)
(Lo 1983; Hewitt and Methot 1980) to estimate larval
age (f) (appendix A2).The first stage of the GGC spans
the first three larval classes (2.5 mm, 3.25 mm, 4.25 mm)
and is designed to model growth over the period of
yolk-sac consumption. The second stage of the GGC
covers post-yolk-sac consumption growth (5.25 mm,...,
9.25 mm) when larvae must seek out food in their envi-
ronment. Aggregation of the samples over cruises and
stations yielded annual age and density statistics for the
region. The daily larval production (DLP) is the daily
production of larvae in a size class per 10 m? area-density,
and was constructed as the standing stock of larvae in a
size class over the number of days that larvae spend in
that size class as determined by the growth curve.

Methods for the estimation of the mortality curves are
presented in the following subsection 2.2.1. However, it
is useful to first summarize the approach. Figure 2 dis-
plays a conceptual graph of the HEPM estimation pro-
cess. First, daily larval production and corresponding size

'Further details on sampling procedures and nets are available from the South-
west Fisheries Science Center (SWESC), CalCOFI, Smith and Richardson
(1977).

2Larval class sizes greater than 9.25 mm were discarded because mature

larvae are more adept at avoiding nets thereby introducing significant bias into
production calculations (appendix A3).

118

Conceptual graph of mortality estimation

Log daily larval production
- - - Log larval mortality curve

log(Po)
// Egg mortality line

log(eggs)

Log daily production

@ T ) 0 ) ) 0 © 0

2 o N D ~ R R 2 R

2 @ < re] © N o I
Age (1)

(Labels indicate larval classes)

Figure 2. Conceptual graph of HEP mortality estimation, on log-linear axes.

class ages were used to construct larval mortality curves
(Lo 1985c¢).The mortality curve was parameterized such
that the fitted DLP at the age of incubation time, = t/,
gives the production at the time of hatching (P,). Under
the assumption that the egg instantaneous mortality rate
(IMR) is constant across egg stages?, the egg IMR can be
found as the value that is consistent with the observed
standing stock of (unstaged) eggs (the dark shaded region
in fig. 2). Having obtained the egg IMR over the time
of incubation, production of eggs at age 0 (P), can be
estimated using the egg mortality curve from P, back to
the time of spawning.

Residual bootstrapping (MacKinnon 2006) of the
annual mortality curves was used to provide annual esti-
mates of variability for larval and egg mortality param-
eters (appendix B). Bootstrap based variation is reported
as 95% confidence intervals (Cls) which were con-
structed by taking the 0.025 and 0.975 quantiles of the
relevant bootstrapped distribution. Details on the boot-
strap procedure are provided in appendix B.

2.2.1 Mortality curves and daily egg production. An
annual Pareto type mortality curve was used to model
the mortality of larvae from the time of hatching. The
variables of daily larval production, dlp, , average age of
larvae (t.,) and incubation time ¢! for larval class ¢ in year
s (see appendix A) are used to identify the parameters

3This assumption was verified in Lo (1985a) for select years.
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in the model. Each year was estimated independently
using the equation:

dip,. = P (/) "+ e, (1)

where the mortality curve parameterization was chosen
by Lo (1985a) so that P, is the production at the time
of hatching (t = 1), and [3, is the coeflicient of the lar-
val instantaneous mortality rate. The larval instantaneous
mortality rate decreases as larvae age, and at age ¢ is /¢
(Hewitt and Brewer 1983). We assume the error term,
€., 1s distributed with a mean-zero, however, we allow
for heteroskedasticity across ages through our bootstrap
methods (appendix B). Equation 1 was fit using nonlin-
ear least squares (NLS). A grid search over initial condi-
tions was performed and the parameters that minimized
the sum-of-squared errors were used. A residual boot-
strap of equation 1 was used to construct 95% Cls for
B, and P, (appendix B).

An exponential curve, which applied a constant
instantaneous mortality rate (IMR), o, was used to
model egg mortality to P, log(P,) — a*t = log(egg
production at age f), for t€(0,¢1), where log(P)) — a*t! =
log(P,)*. Manipulation of the definition for the observed
standing stock of eggs and the production at the time of
hatching (Lo 1985a) yields a definition that was used to
calculate the egg IMR:

eo‘x*t{t -1

M= 7 (2)
Ph s Q

where m, is the observed corrected standing stock of
eggs, and the egg IMR, o, was estimated by iterative
method. Daily egg production can now be estimated as
the production at time zero, P, , necessary to produce
the estimated P, , give the egg mortality rate o, and the
time it takes to incubate :

PO,S = Ph,s 60‘5*[{‘ (3)

Ninety-five percent Cls for a, and P, ; were derived
by re-estimating equations 2 and 3 at each iteration of
the larval bootstrap (appendix B).

2.3 Spawning stock biomass estimation

To obtain estimates of SSB overlapping, historical data
from Jacobson et al. (1995) was used and daily specific
fecundity, D,, was assumed constant over time so that

“Lo (1985a) provided two separate mortality estimates: first under the assump-
tion of constant IMR to yolk-sac larval stage, and second constant through the
first yolk-sac larval stage. Constant mortality through the first larval stage was a
helpful assumption for the historical data used because CVT/PV samples were
not present. The use of the CVT/PV nets in our data gives us sufficiently ac-
curate sampling from from smaller larvae classes.

the SSB; is proportional to P, .. With this assumption a
simple linear regression without a constant is estimated:

SSB, =y P, ,10°A + \D1, + €, 4)

where P 105 is the daily egg production per km? A is
the area of the core CalCOFI region (approx. 200,500
km?). From 1981-1986 data from south of the Mexi-
can border was used by National Marine Fisheries Service's
Southwest Fisheries Science Center (SWESC) to calculate
SSB, and other stock statistics, D1 is a categorical vari-
able accounting for this: 1981-1986 (D1=1) and 1987-
2009 (D1=0). The model was fit using the estimated
/PES (equation 3) and SSB; from Jacobson et al. (1995)
over the years 1981-1995.The fitted model was used to
estimate the SSB, from 1981-2009. The standard esti-
mate of prediction error associated with ordinary least
squares is reported.

2.4 Recruitment

Estimates of spawning stock biomass were used in
conjunction with a Ricker curve to provide recruit-
ment estimates and explore the impact of environmental
conditions. The last anchovy stock assessment (Jacobson
et al. 1995) provided estimates of both spawning stock
biomass and recruitment for the years 1964—1995. Con-
sistent with Jacobson et al. (1995) we refer to recruits as
age-0 anchovy on July 1.

Two environmental factors were incorporated
into our recruitment model, north-south (N-S) wind
stress and sea surface temperature®. The Ricker stock-
recruitment model was augmented with these vari-
ables in the exponential, which yields an environmental
Ricker model:

— g% * B *SSBAP1 *NSWind5 +p~*tanom,
RS = A SSB\ B *SSBt+pq NSWind5 +po*tanom 4 g, (5)

where R is recruitment in year s, tanom, is the mean
annual sea surface temperature (SST) anomay at Scripps
pier and NSWind5, is the 5% quantile of the annual
north-south wind stress anomaly distribution. Wind
stress and sea surface temperature anomalies were com-
puted as deviations from the monthly means across all
available years. Recruitment and spawning biomass were
normalized by their standard deviation, then fit using
NLS over the stock and environmental data from 1964—
1995.The standard Ricker curve (p; = p, = 0) was used
as the null model, MY, to evaluate the benefit of added

SNorth-south (N-S) wind stress data were obtained from the Environmental
Research Division of the SWFSC through their Live Access Server
http://www.pfeg.noaa.gov/products/las.html. The wind stress vectors are
National Center for Environmental Predictions derived monthly wind stresses
from the location 32.5 degrees north and 117.5 degrees west, and span 1948—
2009. Data on Scripps pier SST data were obtained from the ocean informatics
datazoo http://oceaninformatics.ucsd.edu/datazoo/data/ hosted by Scripps
Institution of Oceanography.
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Figure 3. Annual egg and larval densities per 10 m2 in the core CalCOFI region 1981-2009.

information from the full environmental Ricker model,
MWYT (py, p, unconstrained). The Akaike information cri-
terion (AIC) was used to compare the models. The ratio
of likelihoods was formed as LM")/; )y = exp((AICYT
— AICY)/2), which is the likelihood that the constrained
null model minimizes the information loss relative to the
unconstrained model that uses the environmental fac-
tors (Burnham, K. P. and D. R. Anderson (2002)), which
we denote by I(MWT) < I(MP). Similar AIC probability
calculations were carried out on different model speci-
fication to assess the relative contribution of the individ-
ual environmental factors. SSB estimates obtained from
equation 4 were used with the fitted environmental
Ricker model to estimate recruitment from 1981-2009.

3 RESULTS

Annual density plots for the core CalCOFI stations
show the temporal variation of eggs and larvae (fig.
3, table 1). Since approximately 1989, egg densities in
general, have been lower although more highly vari-
able than the years preceding. Prior to 1989 densities
ranged from 2182/10 m? to 7063/10 m? with a mean
of 4276/10 m?, while later densities showed a range of
508/10 m? to 11091/10 m? and a mean of 2070/10 m?
with pronounced episodes of high density particularly
in 20052006 (table 1). In contrast, larvae densities have
declined fairly steadily since 1989 except for 2005 when
an increase in larval density was associated with the cor-
respondingly high egg density (fig. 3 right panel). Lar-
val densities ranged from 394.1/10 m? to 2870.2/10 m?
with a mean of 1177.9/10 m? prior to 1989, and after
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had a range of 6.3/10 m? to 648.8/10 m? and a mean
of 166.3/10 m? with pronounced episodes of high den-
sity particularly in 2005-2006 (table 1). Larvae densities
do not track the dynamics of egg densities closely and
are considerably smaller than densities observed through
the mid to late 1980s; similar to patterns in 1951-1982
(Lo 1985a).

Egg density closely mirrors Py (figs. 3 and 4, table 1).
P, displays high post-1989 production around 1997,
2001 and a pronounced episode of high density in 2005.
In the early ’80s DEP appears comparatively low in con-
trast to the relative egg density owing to the low egg
IMR (o) during that period (fig. 4 upper-right panel,
table 1). The larval mortality coeflicient (8) has been
variable but has maintained an average value of approx-
imately —1.89 (fig. 4 lower right panel). In contrast, the
egg IMR has been increasing from low levels in the early
’80s to over 2 in the late 2000s. A linear time trend has
been superimposed on the egg IMR time series and
shows that the egg IMR has been increasing by approxi-
mately 0.06 per year. Bootstrap Cls indicate that estima-
tion of the egg IMR is more precise than the coeflicient
of larval mortality (fig. 4 right panel). The imprecision
in the estimation of § is largely due to higher residual
variance in the pre-yolk-sac-consumption larval phases
(fig. B1). CIs for DEP indicate that the random varia-
tion in larval mortality does not significantly contribute
to the observed pattern of DEP.

The spawning stock has shown periods of low bio-
mass since 1989, but has been highly variable (fig. 5,
table 2) with high post-1990 biomass around 1997, 2001
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TABLE 1
Annual egg, larval and mortality statistics
Year Egg dens. 10 m?>  Larvae dens. 10 m? B p, a P,
1981 2685.260 1673.18 -1.96 1015.49 —-0.04 912.35
[-2.05,-1.84] [866.5,987.3] [-0.05,0.04] [862,983]
1982 2896.23 693.44 -1.56 255.62 0.7 2279.5
[-1.74,-1.23] [186.4,280.1] [0.61,0.8] [2052,2495]
1983 2181.7 928.23 -2.02 616.87 0.24 1139.14
[-2.17,-1.85] [504.4,616.2] [0.2,0.34] [1061,1242]
1984 3869.8 1189.92 —-1.82 598.47 0.56 2770.29
[~1.92,-1.68] [497,572.3] [0.52,0.6] [2601,2826]
1985 3853.01 394.07 -2.67 263.97 0.76 3177.28
[~2.93,-2.06] [191,282.3] [0.71,0.88] [3022,3578]
1986 7063.25 1144.54 —2.54 1196.2 0.43 4239.8
[-2.69,-2.41] [1129.7,1322.1] [0.38,0.47] [3993,4434]
1987 5595.11 2870.22 -2.2 1719.78 0.05 2021.12
[-2.24,-2.15] [1647.7,1714.2] [0.05,0.08] [1994,2069]
1988 6060.64 529.37 —2.22 282.93 0.82 5254.26
[-2.48,-1.85] [234.7,346] [0.77,0.93] [5011,5846]
1989 745.66 155.23 -2.06 80.66 0.62 542.7
[-2.46,-1.2] [43,87] [0.5,0.82] [464,656]
1990 1862.97 534.85 -1.96 313.13 0.5 1239.04
[-2.18,-1.69] [191.5,255.6] [0.47,0.61] [1133,1336]
1991 1634.47 421.06 —-1.28 114.16 0.94 1658.65
[~1.47,~0.91] [80.1,129.2] [0.82,1.05] [1467,1791]
1992 1095.67 167.43 -1.89 85.94 0.98 1165.09
[-2.35,-1.28] [54.9,105.3] [0.83,1.16] [1011,1331]
1993 507.68 108.98 -1.52 37.55 0.87 476.87
[-2.01,0.68] [18.7,56.5] [0.68,1.23] [403,642]
1994 932.9 271.69 -2.15 125.74 0.52 609.87
[-2.5,-1.83] [123.2,165.1] [0.44,0.6] [571,684]
1995 1857.66 99.84 —2.1 33.36 1.2 2270.21
[-2.63,~1.26] [28.8,59.5] [1.24,1.56] [2370,2927)
1996 2041.04 259.41 —2.65 156.04 0.86 1912.72
[-2.93,-2.1] [142.5,201.6] [0.8,0.98] [1836,2151]
1997 3753.55 130.25 —1.41 39.92 1.82 6884.84
[-1.88,-0.83] [22.8,56.1] [1.57,1.94] [5952,7319]
1998 572.02 85.71 -1.73 36.36 1.23 740.98
[-2.08,1.07] [22.3,39.3] [1.09,1.39] [662,816]
1999 795.65 140.46 -1.97 71.66 0.64 581.51
[-2.33,-1.5] [45.3,77.2] [0.53,0.75] [499,646]
2000 1106.24 93.36 —2.47 55.3 1.06 1226.33
[~2.85,-1.6] [28.9,56.2] [0.97,1.26] [1127,1420]
2001 2722.55 101.16 -2.49 63.22 1.33 3689.34
[~2.86,~1.65] [31,57.7] [1.22,1.46] [3391,4010)
2002 823.98 49.78 -0.9 7.39 1.45 1200.32
[~1.57,-0.28] [4,14.3] [1.24,1.7] [1038,1401]
2003 862.19 70.08 —-1.58 21.63 1.31 1150.54
[~1.93,-1.05] [14.3,27.5] [1.22,1.5] [1078,1307]
2004 1693.4 55.18 -2.61 33.95 1.51 2592.44
[~2.99,-1.7] [15.9,40] [1.32,1.7] [2274,2892]
2005 11091.12 648.81 -1.27 143.84 1.53 17161.25
[~1.39,-1.12] [137.3,171.6] [1.57,1.67] [17617,18637]
2006 6394.01 57.13 -1 9.41 2.34 14972.47
[~1.8,0] [3.5,26.3] [1.99,2.73] [12610,17272]
2007 1142.23 19.76 -1.13 3.41 2.03 2320.7
[~1.87,~0.36] [1.7,5.8] [1.77,2.21] [2023,2524]
2008 808.21 6.3 -1.92 1.89 2.02 1633.54
[~2.46,0.13] [0.6,2.5] [1.79,2.27] [1447,1836]
2009 1044.16 14.8 -1.6 3.42 1.92 2012.21
[~1.9,-0.32] [2,4.5] [1.86,2.15] [1945,2249]

Egg and larval densities, the coefficient of the larval instantaneous mortality rate (IMR) (B), larval production at the time of hatching (P,), egg IMR (o), and
egg production at age at age zero per 10 m? (P). 95% bootstrap larval mortality confidence intervals are in brackets below the estimates.

and a pronounced episode of high biomass in 2005—
2006. SSB has been comparatively lower in recent years.
For the overlapping years of Jacobson et al. (1995) SSB,
and our SSB estimates (fig. 5 left panel) there is some

discrepancy but the respective trends are nearly identi-
cal (R2= 0.825) (table 3). The high biomass in 2005 is
not without precedent; similar levels were seen around
1976. The parameter on SSB, v, was significant at the

121



FISSEL ET AL.: DAILY EGG PRODUCTION OF NORTHERN ANCHOVY
CalCOFI Rep., Vol. 52, 2011

Northern anchovy daily egg production 1981-2009
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Figure 4. Annual daily egg production (Py) (left panel) and egg IMR and coefficient of larval IMR (right panel). IMR regression coefficients displayed have a p-value
< 0.01. Error bars represent 95% bootstrapped larval mortality confidence intervals.
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Figure 5. Comparison of historical and new annual spawning stock biomass (SSB;) 1964-2009 (left panel). Annual spawning stock biomass 1981-2009 (right panel).

0.1% level (table 3) and can be roughly interpreted as ton of SSB°. However, because of the assumptions and
the inverse of the daily specific fecundity per metric the reduced form nature of the regression y may be
capturing some latent changes over time. The implied
daily specific fecundity (number of eggs produced per

6The fecundity parameters of the stock relate SSB to P, (Parker 1980; Hewitt
1985). The stocks sex-ratio (Q), the proportion of mature females spawning (F),

and the average batch fecundity (E) relative to the mature female weight (W) day per unit fish Welght) per metric ton of biomass was
give the daily specific fecundity, 1/y = Q*F*(E/W).The daily specific fecundity = + ; :

and daily egg production can be related to the spawning biomass by: P, = 1/’Y . 2.532E 08 A.ggreg.ate SpeCIﬁC feCU.l’ldltY can be
SSB*(1/4). obtained by multiplying this by the SSB.
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TABLE 2

Annual spawning biomass and recruitment statistics

Year Spawning biomass SSB Predic. Error Recruitment Wind S. .05 quant Temp. mean
1981 411825.77 76469.05 670506.17 —0.848 0.512
1982 520106.22 68050.61 2292236.85 —-1.728 0.022
1983 429787.65 74202.51 557112.61 —0.850 0.855
1984 558977.70 68459.06 1058457.90 -1.633 1.199
1985 591212.10 70215.62 482741.42 —0.320 0.109
1986 675365.57 80059.39 282065.59 -0.115 0.612
1987 160075.84 46971.72 393716.32 —-0.732 0.451
1988 416146.22 122111.51 851826.18 —-0.739 -0.113
1989 42983.16 12612.73 193872.87 —0.886 0.081
1990 98134.15 28795.91 240347.47 —0.790 0.786
1991 131368.04 38547.87 331156.59 —0.384 —0.144
1992 92276.93 27077.20 102489.76 —0.221 1.137
1993 37769.26 11082.79 38983.16 —-0.056 1.149
1994 48302.66 14173.65 56698.02 -0.070 0.910
1995 179804.42 52760.76 594143.98 -1.170 0.681
1996 151490.66 4445253 261865.36 —0.600 0.858
1997 545291.08 160007.02 352430.96 -1.067 2.084
1998 58686.52 17220.63 71883.07 —-0.218 1.077
1999 46056.91 13514.67 311754.70 —0.906 —0.609
2000 97127.44 28500.51 154578.31 —-0.273 0.582
2001 292202.02 85742.05 389139.87 —-0.308 0.276
2002 95067.77 27896.13 224820.84 —0.487 0.290
2003 91125.05 26739.20 180510.05 —0.443 0.536
2004 205325.91 60249.63 195895.29 —0.344 1.237
2005 1359200.63 398835.88 117862.60 —0.214 1.166
2006 1185845.47 347967.55 190403.04 —-0.378 0.996
2007 183803.71 53934.28 212452.88 —0.132 0.576
2008 129379.08 37964.24 175467.13 —0.100 0.427
2009 159370.30 46764.69 590413.16 —0.965 0.167

Spawning biomass (SSB) (mt) with prediction error and recruitment (mt). Mean sea surface temperature anomaly (Temp.) and the 0.05 quantile of the

north-south wind stress anomaly distribution (Wind S.).

TABLE 3
Spawning Stock Biomass Regression
Coefficients Estimate Std. Error t value Pr(>|t])
% 3.950E-09 1.159E-09 3.408 0.00467**
mn 3.396E+05 8.822E+04 3.849 0.00201**

Signif. codes: 0 "** 0.001 *** 0.01 "™ 0.05".' 0.1 "' >0.1
Residual standard error: 166500 on 13 deg. of freedom
Multiple R?: 0.848, Adjusted R2:0.825

F-statistic: 36.34 on 2 and 13 DE p-value: 4.749E-06

Coeflicients of the regression are the inverse of the daily specific fecundity
per metric ton of SSB (y) and a categorical variable for the inclusion of
Mexican data, 1981-1986 (7).

TABLE 4
Standard and environmental Ricker regressions
Standard Ricker M° Environmental Ricker MWT
Coefficient Estimate Std. Error Coefficient Estimate Std.Error
A 1.3991* 0.5437 A 0.5659 0.2959
B —0.5074* 0.1384 B —0.5074** 0.1384
Py -106.171** 36.359

P2 —0.5663* 0.2145

Resid std. error: 0.9815 Resid std error: 0.8026

df = 3; AIC = 93.5538 df = 5; AIC = 82.4666

Signif. codes: 0 "**' 0.001 "* 0.01 ™ 0.05".'0.1"'>0.1

Comparison of the standard and environmental Ricker recruitment models with coeflicient estimates for Ricker model parameters, the 0.05 quantile of the

N-S wind stress anomaly (p;) and mean sea surface temperature anomaly (p,).
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Fitted values from the environmental Ricker curve 1964-1995
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Figure 6. Fitted values of environmental Ricker model 1964-1995 (left panel) and predicted recruitment from the
environmental Ricker curve 1981-2009 based on our SSB; (right panel).
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Recruitment 1964-2009

B Fissel et al. 2011
S O Jacobson et.al. 1995
7
<
©
=)
3
o
™
E
[}
8 ©
£ O
S &
o &
©
o
2
(]
o
g | 10l | |]|] itli! HI|.|||I||-|I|
8
1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008
year
Recruitment 1981-2009
o
S
S
S
o
S
«
o
S
S
S |
S
9]
E
[}
[%]
©
£
o 9
@ 3
S |
o
=]

500000

1981 1984 1987 1990 1993 1996 1999 2002 2005 2008
year

Figure 7. Comparison of historical and new annual recruitment (R;) 1964-2009 (left panel). Annual recruitment 1981-2009 (right panel).

125



FISSEL ET AL.: DAILY EGG PRODUCTION OF NORTHERN ANCHOVY
CalCOFI Rep., Vol. 52, 2011

TABLE 5

AIC comparisons of the Ricker model specifications

AIC statistics

Model M (p; =p,=0) MT (p, = 0, pyuc) MW (pyuc,p, = 0) MWT (pyuc, pyc)
AIC 93.5538 88.5827 87.5796 82.4666
Relative information likelihood statistics

Model Comp. I(MWT) < I(MY) I(MT) < 1(M©) I(M") < I(MY) (MW < I(M™)
Likelihood 0.0039 0.0833 0.0504 0.0776

Model M is the standard Ricker null model, M7 is the full environmental Ricker model, and M" and M T are models with only wind and temperature
respectively. Likelihood ratios show relative information (I(*)) content. (uc means the coefficient was unconstrained).

The environmental factors were significant in the
Ricker stock-recruitment model (fig. 6, table 4). The .05
quantile of the north-south wind stress anomaly was sig-
nificant at the 0.1% level, and mean sea surface temper-
ature anomaly at the 1% level. The contribution of the
variables to explaining recruitment was further explored
through an analysis of the AIC statisitics from different
models (table 5). The unconstrained model M"7T had
the lowest AIC. Models with only temperature (M7)
and only wind stress (M") were compared to the null
model (MY), the standard Ricker curve (section 2.4).The
likelihood ratio statistic shows the contribution of the
incorporating environmental information (table 5). The
information gain in predicting recruitment provided by
both environmental factors relative to the null model
I(M"T) < T(MY) is 0.004, below a 1% significance thresh-
old. Temperature alone provides some improvement
relative to the null model I(MT) < I(M") with a likeli-
hood statistic of 0.08 which is below a 10% significance
threshold, while a model with only wind stress I(M7) <
I(M") is marginally above a 5% significance threshold
with statistic of 0.05. The full model was compared to
the model with only wind stress I(M"7) < [(M") and
had a likelihood ratio statistic of 0.08 which is below a
10% level of significance. Both wind stress and temper-
ature are significant in explaining recruitment, however
wind stress has a comparatively larger influence. Both
environmental variables were used in reported recruit-
ment estimation (table 2). Graphical comparison of the
standard Ricker and the environmental Ricker (fig. 6
left panel) shows that the temperture and wind stress
produce improved fits for many years (e.g. 1975, 1977,
1982, and others), although this is not uniformly true
for all years (e.g. 1976, 1980, and others).

The difference between the recruitment estimates and
the standard Ricker curve shows the estimated influence
of the environmental factors for 1981-2009 (fig. 6 right
panel). Recruitment estimates above the standard Ricker
line indicate favorable environmental conditions, while
estimates below indicate the opposite. Many recent years,
even when spawning biomass is high, fall below the stan-
dard Ricker curve. Comparison of Jacobson’s historical
data to ours show that the low recruitment levels are not
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without precedent and were observed in the mid to late

'60s (fig. 7 left panel).

4 DISCUSSION

The anchovy ichthyoplankton data are not without
their shortcomings. Previous anchovy assessments (Jacob-
son et al. 1995) used the CB, CV'T and Pl surveys with
targeted adult and juvenile trawl surveys, and aerial spot-
ter plane data. The latter two surveys are no longer con-
ducted, hindering the calculation of a time-varying daily
specific fecundity. Previous assessments also had staged
eggs allowing the implementation of the DEPM and
fundamental growth parameters had been recently esti-
mated. While the precision of available parameters (Lo
1983) should be sufficiently accurate for HEPM estima-
tion, parameters could hypothetically be time-varying
and require updating to reflect the current environmen-
tal regime. Updated and extended sampling and research
could provide further accuracy in future studies, but
would not affect the trend in our estimates as these are
driven by observed egg and larval densities.

The episodes of high egg densities, SSB and P,
around 1997 and particularly in 2005 are prominent fea-
tures of the data (fig. 3). Despite the periodic surges in
spawning productivity we observed comparatively low
larval densities (fig. 3). The low larval counts result in
low corresponding estimates of the production at the
time of hatching (P,) which by the estimation proce-
dure then translates into a high egg IMR. However,
P, is not directly observed and is estimated. Thus, the
hatching transition itself has the potential to be a source
of mortality, and one potentially susceptible to a vari-
ety of influences. Mortality at, or very shortly after, the
time of hatching could confound egg IMR estimates.
Regression discontinuity could be used to test this but
would require staged eggs and thorough sampling to
ensure accurate densities estimates around the hatch-
ing threshold.

Interpreted within the context of the modeling
approach, the steady increase in the egg IMR is the
primary cause of the low larval densities as opposed
to the comparatively more stable coefficient of larval
mortality (fig. 4). High mortality during the larval post-
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yolk-sac consumption period, or critical period, would
come through in mortality estimation as a lower (more
negative) coeflicient of larval mortality which does not
appear in the data. Residual analysis does, however, show
a slight negative residual bias in the later size classes that
can be viewed as indicative of a critical period.The first
feeding for anchovy larvae typically occurs at approxi-
mately 5mm (fig. B1 left panel). However, the magnitude
of the residuals and the high egg IMR suggest post-yolk-
sac stages are not the dominant source of mortality in
anchovy ELH.

The assumption of a constant specific fecundity over
time, used to estimate SSB (section 2.3), could bias esti-
mates of SSB. Because anchovy are indeterminant spawn-
ers they will adjust their daily specific fecundity according
to the environmental conditions: in high productivity
years they will have a higher daily specific fecundity. The
likely effect of our inability to capture this is overestima-
tion of the spawning biomass in high egg productivity
years (e.g. 2005-2006, fig. 5)7. Lacking data on spawning
parameters it is unclear how to adjust the daily specific
fecundity to account for temporal variation. Time trends
and environmental factors in the specification of the daily
specific fecundity were not significant. Despite our sim-
plifying assumptions and inferior data, our estimates SSB
fit the Jacobson et al. (1995) data quite well.

The failure of strong SSB to translate into strong
R is analogous to the observation that high egg den-
sities failed to translate into high larval densities. We
observe higher pre-1989 larval densities and estimate
strong pre-1989 recruitment classes. Larval densities after
1989 appear markedly smaller and correspondingly the
environmental conditions estimate a lower recruitment
through the environmental Ricker (fig. 6 right panel).
The inclusion of environmental factors in the recruit-
ment estimation was intended to provide insight into
the potential sources of larval mortality by estimating a
reduced form relationship between SSB and R.The time
between spawning and recruitment spans the egg and
larval phases of development. These phases of develop-
ment are thought to be when pre-recruitment mortality
is greatest. Motivated by Peterman and Bradford (1987),
who examined the impact of wind speed exceeding
a threshold on larval survival and hence recruitment,
we use the 5% quantile of the north-south wind stress
anomaly to capture this. Cooler temperatures are thought
to allow for the fuller development of anchovy larvae; as
such we use the mean temperature anomaly. The envi-
ronmental variables are incorporated into the regression
in a straightforward fashion as exponential terms.

The reduced form approach to examining environ-
mental influences employed in this paper does not iden-

"Daily specfic fecundity is 1/7y, so underestimating fecundity results in over-
estimation of SSB, SSB = P;*y.

tify the point during the development process that these
factors (or factors for which they’re proxying) are influ-
encing mortality. Nonetheless, one can interpret envi-
ronmental Ricker as a linear model for the growth rate
and carrying capacity. Equation 5 can be algebraically
manipulated to express the growth rate as log(A4) + p*x
where x is vector of environmental factors®. If one inter-
prets the growth rate as an aggregate index of potential,
then survival/mortality is a component of this index
and the environmental Ricker serves as a model for the
influence of environmental factors on ELH mortality.
Stock-recruitment modeling, in general, cannot single
out specific ELH stage(s) that the environmental fac-
tors influence, nor can it provide the direct linkage to
the physiological mechanism impacting mortality. How-
ever, these mechanisms may be complex, nonlinear and
difficult to model parametrically on a small scale. The
environmental Ricker can be viewed as testing the asso-
ciation between the aggregate ELH mortality impact
on growth rates and the environment. The utility of
this interpretation clearly depends on one's perspec-
tive regarding stock-recruitment growth rates and ELH
mortality. The significance of wind stress in particular
(table 4) coupled with the biological research of Peter-
man and Bradford (1987) on larval survival support the
straight forward incorporation of environmental factors
in Ricker model as useful method for potentially cap-
turing some environmental influences on ELH mortality.

Recruitment estimates indicated that the strong years
of productivity (e.g. 1997 and 2005, 2006) did not trans-
late into large recruitment classes due to poor environ-
mental conditions. Warmer than normal sea surface
temperatures and unfavorable wind patterns have con-
tributed to poor recruitment. However, the vast major-
ity of changes in mortality for the egg through 9.25
mm larval class appears to have occurred during the egg
phase. Temperature is a potential cause of the increasing
egg IMR; however, were temperature a significant con-
tributor one would think it should be a stronger pre-
dictor of recruitment. Other potential explanations for
the increasing egg IMR could be conceived, such as an
increased abundance of euphausiids that can prey on
the stationary eggs more easily than the mobile mature
larvae. Exploration of hypotheses such as this are left
for future research. Also, stock-recruitment modeling
may not be ideal for identifying factors influencing the
egg IMR, as large variation in the late larval and juve-
nile phases may leave a strong signature on recruitment,
masking the straightforward identification of environ-
mental influences on egg mortality. Ultimately, we are

8The Ricker model R = SSB*e’(1+5SB/K) has growth rate r and carrying
capacity K. Let x be a vector of environmental factors. Rewrite Equation 5
as A*SSB*eB'SSB + p'x = SSB*e(og(d)+p")(1+(B/(0g(4)+p"x)SSE) By analogy, the
environmental Ricker has growth rate r = log(A) + p* x and capacity

K = (log(A) + p*x)/B.
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currently unable to explain through biological or envi-
ronmental reasons the increases in the egg IMR.

While this paper does not give an overall estimate
of the stock size, prolonged regimes of low productiv-
ity and recruitment combined with the short life spans
of anchovy will eventually translate into a lower over-
all stock size. Given that the regime of low productiv-
ity has persisted for fifteen plus years, there is reason to
believe that the northern anchovy stock as a whole is
not as large and strong as it once was in its heyday of the
"80s or even the mid '90s, and impacts on the stock and
potentially the ecosystem may be at risk if a large fishery
for anchovy develops. Recognizing the global demand
for small pelagic fish is strong and that U.S. landings in
the anchovy fishery have been on the increase (PFMC
2010), additional attention, sampling, and research into
the anchovy fishery would be prudent.

5 IMPROVING FUTURE ANALYSIS
Our analysis was based on the best available data and

well-established methods for estimating key population
parameter. However, there are shortcomings which are
not defects in the analysis, but rather directions for future
research and data collection. We highlight these issues
so that they may be considered for improving future
anchovy stock assessments.

» Unstaged eggs preclude the use of the more accurate
DEPM. The staging of anchovy eggs would provide
data on egg production-at-age which could be used
to model the egg mortality curve and provide more
precise estimates of egg production and the IMR (Lo
1985b).

* Parameter estimates obtained from the literature (e.g.
aging, see appendix A2), were estimated around 1985
and may require updating. It’s possible that parameter
values could have changed over time.

* Because no trawl surveys were undertaken, we had to
assume constant stock parameters to infer spawning
stock biomass. Targeted trawl sampling of the anchovy
stock would enable the estimation of a time-varying
daily specific fecundity.

* The methods used here were developed twenty years
ago. More complex Bayesian hierarchical models
(BHM) might be considered, enabling one to utilize
data from other years (Clark 2007). Research into
developing up-to-date statistical methods for anchovy
that explicitly account for the various stages of esti-
mation could improve estimation precision.

A sampling scheme tailored for the range of northern
anchovy and updated parameters and methods would
improve the accuracy of estimation but would not sub-
stantially affect the trends in the data or the conclusions.
Despite these areas where improvements are needed, the
results provided in this paper accurately reflect trends
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in the status of the central subpopulation of northern
anchovy.
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APPENDIX A: METHODS FOR DENSITY CALCULATIONS AND AGING

A1 EGG AND LARVAE DENSITY CORRECTIONS

Assignment into larval size classes was necessary prior
to adjusting for extrusion and avoidance as the like-
lihood of extrusion decreases with length but avoidance
increases with age (which is an increasing function of
length). Sorting is based on preserved larval size which
is recorded at the time of staging. Length thresholds for
the larval size classes (Lo 1985a) are listed in table Al.
Because of differences in mesh sizes of the nets, CIV'T/PV
and CB nets differ in their sampling efficiency. Smaller
larvae and eggs are more likely to extrude through the
CB net, but are retained more efficiently in the finer
mesh size of the CVT/PV. However, CB is more effi-
cient at catching larger larvae. Extrusion factors (table
A1), calculated by Lo (1983) to compensate for these
differences, were applied to the size classes to obtain
extrusion free counts (0.075 mm mesh was treated as
extrusion free (Lo 1983)).

Avoidance corrections were made to CB samples to
correct for the propensity for older developed larvae to
avoid the net. No avoidance corrections are necessary
for CVT/PV because the net is pulled vertically through
the water column. The avoidance equation from Lo et
al. (1989) was used for the correction:

avd, =

1+ DNl 1-DNI,
2 2

cos(2m * hr/24) (1)

where hr is the time of day on a 24 hour clock the tow
was taken, and DNI, represents the day/night catch ratio
for larval size class ¢. The DNI. used here differs from

TABLE Al
Larval size classes and length ranges, extrusion correction
factors for bongo (CB), calvet and pairovet (CVT/PV)
and growth curve coefficients.

Size Class Range ® CBP CVT/PV¢ Month amn d
eggs N/A 12.76 1.10 Jan. 0.046
2.5 [2,3.25] 6.08 1.46 Feb. 0.048
3.75 [3.25,4.25] 2.58 1.37 March 0.05
4.75 [4.25,5.25] 1.62 1.30 April 0.052
5.75 [5.25,6.25] 1.24 1.25
6.75 [6.25,7.25] 1.10 1.21
7.75 [7.25,8.25] 1.00 1.00
8.75 [8.25,9.25] 1.00 1.00
9.75 [9.25,10.25] 1.00 1.00

*Assignment to classes is based on preserved larval lengths (section 2.2.2).
All larval sizes are measured in mm.

PExtrusion factors for CB computed directly from the logistic model of Lo
(1983) equation (6), table 4.

<Extrusion factors for CI/T and PV are fitted values of a logistic regression
on the raw estimates from Lo (1983).

dGompertz growth second stage parameter (Methot and Hewitt 1980).
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the one used in Lo et al. (1989). In contrast to Lo et al.
(1989) we calclated DNI,. as DNI, = ¢70-229" because it is
more up-to-date and logically consistent.

Raw egg and larval counts were standardized to an
area-density using standard haul factors (SHF) (Kramer
et al. 1972); where SHE = 10*(tow depth/volume of
water filtered) which represents abundance beneath an
area of 10 m? integrated over the depth of the tow. This
10 m? area-density will be refered to simply as a 10 m?
density. A second adjustment was made for the percent-
age of total plankton volume sorted from the samples.
The overall adjustment can be represented as rct,*shf,/
prst, where rct, 1s the raw count (egg or larval), prst, is
the percentage sorted and shf, is the SHF for sample k!.

A2 EGG INCUBATION TIME AND
AGING OF LARVAE

Unstaged egg data precluded us from aging individ-
ual or even groups of eggs, however, the incubation time
has a known temperature dependent functional from Lo
(1983). Missing temperature data from the surveys were
rare; occurances were interpolated using an inverse dis-
tance spatially weighted average of other observed tem-
peratures during that cruise. Temperature measurements
at each sample, k, were used in the relationship specified
by Lo (1983) to calculate incubation times:

fh = 18.726%¢ 0125 m, 2)

where #],is the incubation time and fmp, is the tempera-
ture measured in degrees Celsius.

The calculation of larvae age requires the live larval
length. Preserving agents used at the time of sampling
and tow time can shrink larvae. Therefore adjustments
for these factors were made before aging using the cor-
rection function specified in Theilaker (1980):

I, = log(ff*pls,) +0.289 exp (—0.434*{f*pls,*q0-8)  (3)

where [, is the estimated length of live larvae in millime-
ters (mm) from sample k with a preserved larval length
of pls, mm, a tow time of ¢ minutes, and ff is a paramter
base on the preserving agent. Formalin was the preserv-
ing agent so ff = 1.03 (Theilaker 1980). Tow time was
not included in our data set and was assumed to be 15.5
minutes based on CalCOFI sampling guidelines (Cal-

ISample indices k are specific to a year, cruise, and station. Furthermore,
occasionally multiple samples were observed at a station on a cruise, each would
have its own index k. Without loss of generality, a single index is used here,

and later, as explicitly specifying all dimensions of the indices would provide no
further insight.



FISSEL ET AL.: DAILY EGG PRODUCTION OF NORTHERN ANCHOVY APPENDIX A

CalCOFI Rep., Vol. 52, 2011

COFI 2010). The remaining numeric values were taken
from Theilaker (1980). No rounding of pls by grouping
into size classes was carried out prior to estimation of [
and pls was recorded up to the precision of 0.1 mm in
our data set.

Larvae were aged using a two-stage Gompertz growth
curve (GGCQC). This approach was first proposed for the
use on anchovy larvae by Methot and Hewitt (1980) and
later with updated first-stage parameter estimates by Lo
(1983).The first stage of the GGC accounts for growth
through yolk-sac consumption, which is approximately
the first two size classes 2.5 mm and 3.75 mm. Aging
during the first stage of the GGC is temperature depen-
dent while aging during the second stage is month-of-
sampling dependent. Because of this, it is necessary to
compute ages as sample specific. The first stage of the
GGC 1s specified as:

T1(l,) = ! *log M for [, < 4.1 mm
a" log(0.32/4.25)
afm = 0.1108%¢0-1173 (4)

where T1(l,) is the estimated age of larvae with length
I, (equation A3).The value 4.25 controls the upper
bound of the growth curve (mm) during the first stage
of growth while the value 0.32 is the hypothetical mini-
mum larval size. The temperature dependent parameter
a"" was specified by Lo (1983).The second stage of the
GGC 1s meant to capture the post yolk-sac consumption
period of larval growth, and is specified as:

20y = " | #log [ 108%/27)
amn log(4.1/27)

for 4.1 mm < [, <27 mm
©)

where T2([,) is the age of larvae length [, (from equa-
tion A3) since the first stage. The value 27 controls the
upper bound of the second-stage GGC and 4.1 is the
length at which larvae transition into the second stage
of growth. The monthly parameter o was estimated
by Methot and Hewitt (1980) and its values are listed in
table A1.The total age of the larvae is #(l,) = T1(l,) for
yolk-sac larvae which haven’t entered the second stage
of growth (I, < 4.1 mm) and #(I,) = T1(4.1) + T2(l,) for
larvae beyond the yolk-sac stage (I, > 4.1 mm)>2.

A3 DAILY LARVAL PRODUCTION

Even with regularly scheduled ichtyoplankton sur-
veys the number of eggs or larvae from a single sample
on a given cruise at a station is too few to accurately

2Frequently, age will be referred to simply as f, and the functional dependence of
age on length f(l;) being explicit only where needed.

characterize densities. To minimize small sample biases,
aggregation over cruises was necessary prior to the cal-
culation of production statistics and mortality estima-
tion. Each sample tow was assigned to a CalCOFI station
(Weber and McClatchie 2009; Eber and Hewitt 1979)
and multiple samples observed at a station on a cruise
were averaged. No weighting of cruises was used and
all data were averaged across cruises occuring during
January through April of a year to obtain annual station
specific data. A final average over stations was needed to
obtain accurate annual mortality curve estimates for the
region as a whole.

The production of larvae in a size class per day per
unit area, DLP, is estimated as standing stock of larvae in
a size class over the days that larvae spend in that class,
or duration. Duration is the difference between the ages
(equations 4 and 5) at the size class break points (table
Al). Let n,, be the standing stock of larvae’ and d, be
the duration of size class ¢ in year s. DLP is then calcu-
lated as dlp,; = n,./d, ;. Avoidance by larvae older than
twenty days (Lo 1985a) biases estimates of DLP. Lar-
vae were found to have reached an age of twenty days
towards the end or just after the 9.75 mm size class. To
mitigate these biases we omitted class sizes larger than
9.75 mm from the analysis.

3The standing stock of larvae is the total corrected count of all larvae in a size
class and can be viewed as the integral over ages in that size class, e.g.

- 4 -
" = p, [0 =425mm) x/ .
¢ =3.75 mm /'J./(l = 3.25 mm) 1
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APPENDIX B: BOOTSTRAPPING MORTALITY PARAMETERS

B1 INTRODUCTION

This appendix explains the bootstrapping methods
used to estimate the annual variability of the early life-
history parameters: production at the time of hatching
(Py), the coefficient of larval mortality (), egg instanta-
neous mortality (IMR) (o) and the daily egg production
(Py). Mortality curves estimated in the main manuscript
(section 2.2.1), used a Pareto type mortality curve (this
regression will be referred to as MCY).The iterative pro-
cedure used to identify the egg IMR (o) (equation 2)
and the calculation of P, (equation 3) yields only point
estimates for o and P,. Lo (1985a) approached the prob-
lem of estimating variability for these point estimates
using an approximation based on the delta method.
When applied to our data the standard errors produced
were too large to be meaningtul, frequently displaying a
coeflicient of variation greater than 1.

The bootstrap is used to provide more precise esti-
mates of the variability using confidence intervals of
the bootstrapped distributions. An advantage of this
approach is that it characterizes confidence intervals for
a general class of true underlying distributions, in par-
ticular accurate interval construction is more robust to
fat tails and extreme tail events. The residual bootstrap
method (MacKinnon 2006) is used, which samples from
the residual empirical cumulative distribution function
(cdf) of MCY and applies the resampled | residuals to the
fitted daily larval production estimates dlp to for boot-
strapped dlp *, on which new mortality curves with new
parameters were estimated. Normalization is required to
stabilize the heteroskedasticity in the residual distribu-
tion. When applied to equations 1-3 annual bootstrap
distribution of 3, P,, «, and P, are created from which
we take the 0.025 and 0.975 quantiles as the 95% con-
fidence interval of the associated statistics.

The results of methods used in this appendix are 95%
confidence intervals for B, P, o, and P,. In addition,
the residual analysis necessary for the heteroskedastic-
ity stabilization is discussed in the results and discus-
sion section.

The next section describes the bootstrapping methods
in detail. Section three reports some of the intermediate
estimation results and section four discusses the methods
used and the residual distribution. Confidence intervals
were referenced in the text of the main manuscript and
can be found in table 1, and figure 4.

B2 METHODS

The residual bootstrap uses the empirical cdf of the
residuals from the initial estimation of the mortality
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curve MCY (section 2.2.1) as a measure of the true error
term associated with larval mortality estimation. Residu-
als are given by

o~

~ —~ — -B
&, =dlp,,— dlp,,, where dlp_, = P, (t[’s/tg) * (B1)

and B, and 7’;’5 are the annual (s = 1981, 1982, ..., 2009)
estimated parameter values relating daily larval produc-
tion (dlp, ) to larval ages (t.,) over the incubation time
(t!) for larval size class (c € {larval class 2.5 mm, 3.75 mm,
.., 9.75 mm}) (appendix Al and table A1).

There were eight larval size classes in a year and sim-
ply resampling from the eight residuals on that year
would not provide a sufficiently rich set of residuals to
characterize the true residual distribution. Furthermore,
size class dependent heteroskedasticity precluded resa-
mpling from this small set of residual. To overcome this
residuals from all 29 years of mortality estimation nor-
malized by exploiting the longitudinal structure were of
the residual data. Linear approaches to bootstrap nor-
malization are not applicable for nonlinear regression
(MacKinnon 2006)!. We use a linear regression with ages
and years as independent variables to model the hetero-
skedasticity and purge the residuals of class and temporal
dependence. Higher-order polynomial terms and other
categorical variables were tried, and a first-order linear
regression minimized the AIC criterion. The heteroske-
dasticity stabilizing regression is:

0. = 5], 7, = ST
stdev(s)
o =0+ 0 + 0y +0,D2 + v (B2)

where o, is the absolute deviation of the residual, y, is
the normalized year, ¢, is the larval size class age, D2,
is a categorical 0—1 variable capturing the anomalous
years 2005 and 2006 (D2, = 1) (section 2.3) and v, is
the error term. Outliers exerted excessive leverage and
led to a poor fit. Outliers were determined from a pre-
liminary regression of B2 as observations associated with
a preliminary residual z-score greater than six, 6 < Vos -
mea10.010) fitdeny 137 (Where the 0.01 subscript indicates a
trimmed mean/standard deviation). This identified three
observations as outliers. Equation B2 was then fit with
outliers removed to determine the final fit. The fitted
root-squared residuals were then used to normalize the
residuals distribution.

'E.g. using the diagonal element of the hat data matrix X(X'X)X' where X is
the data matrix used in liear regression.
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Larval mortality regression residuals over ages

Larval mortality regression residuals 1981-2009
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Figure B1.

7, = /|oy (83)
where

a)\c,s = 60 + /e\lt[,s + /6\2}/5 + 63D25 (B4)

This procedure produces a set (29 years x 8 classes
= 232) of temporally and class “independent” residu-
als forming a distribution that was used to perform the
bootstrapped. For each year s, eight residuals (one for
each size class) were randomly sampled with replace-
ment from the set of residual, 5% {’€_ }. Residuals were
centered and rescaled to the have the size class and tem-
poral variance as determined by equation B4.The new
resampled residuals were added to the fitted daily larval
production from the initial estimation stage (equation 1
and B1) to obtain bootstrapped DLP estimates.

o S 1 8 < * k| T~
gBS' = 886_?2,‘:181&5’ &, = eBS | wc’s|,

and dlp; , = glp?m + e, (B5)

The bootstrapped DLP dlp; ; estimates were then used
to fit a new mortality curve.

* /\* t ZES*
dlpf,s = PII)S ( ['S/tl,)

The estimated production at the time of hatching
P, was then used with the standing stock of eggs (m,)

(B6)

year
Outliers (+) are labeled with their value

Larval mortality residuals (from equation 1) over the average size-class ages (t,) (left panel), and normalized years (y;) (right panel) 1981-2009.

and the incubation time (¢!) to determine the egg IMR
(@) by iterative method (section 2.2.1, equation 2).

et —1

o (B7)
B, a,

m,

a," is the o, such that

Bootstrapped 7)\015* was obtained by the calculation
(section 2.2.1, equation 3):

P =By em (B8)

The preceding bootstrap algorithm (equations B1-
B6) was repeated 1000 times. On occasion, some of
the bootstrap residuals (g;,) would be sufficiently nega-
tive to produce a daily larval production value less than
zero (dlp, < 0) which was treated as if no larvae were
observed for that class. If this happened for more than
two size classes during an iteration then that iteration
was discarded and repeated. If NLS failed to converge
or 3, was estimated to be positive (illogical curvature of
the mortality curve) or B, < =3 (suggesting convergence
in a bad area of the parameter space) then a log linear-
ization was performed and parameters were estimated
using OLS. Final estimates of P, were then calculated
assuming normality of log(P, ) (i.e. P, , is log normally
distributed).

This algorithm produced bootstrap distributions
{BY (D), (@), {P,)) each with 1000 obser-
vations. The 0.025 and 0.975 quantiles of these distri-
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Figure B2. Larval mortality residuals over average size-class ages from hatching (t. ) (left panel), and normalized years (y;) (right panel) after normalization.

butions were taken as a nonparametric estimate of their
respective 95% confidence intervals.

B3 RESULTS

The residuals from MC" (section 2.2.1, equation 1)
displayed heteroskedasticity across both ages and years
(fig. B1). Coeflicient estimates for the heteroskedasticity
stabilizing regression support the visual observation of a
decreasing volatility with both age and time (table B1).

Based on the observed heteroskedasticity in the resid-
uals, failing to stabilize the class and temporally depen-
dent variation would introduce spurious nonstationarity
into the residuals upon resampling for the bootstrap. The
heteroskedasticity stabilizing regression (equation B2)
does an acceptable job of modeling the heteroskedas-
ticity in MC? (table B1). Graphical analysis shows that
dispersion around the mean is more evenly distributed
(fig. B2) after the variance stabilization. Outliers are still
outliers in the normalized residuals as they were inten-
tionally removed during the regression. The normalized
residual distribution is still highly leptokurtotic even
with the outliers removed with a kurtosis of 12.08 (a
standard normal distribution has a kurtosis of 3). Thus,
heavy tails and extreme tail events are still a feature of
the residual distribution used for resampling.

The grid search algorithm over initial condition dur-
ing the NLS estimation (section 2.23) made more itera-
tions computationally prohibitive in R. Furthermore, it
was verified through histograms of 1000 iterations per-
year that the number of iterations was sufficient. Mar-
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ginal increases in the number of iterations to 1500 and
2000 iteration failed to noticeably change the distribu-
tion or confidence intervals from it.

Bootstrapped confidence intervals were referenced
in the text of the main manuscript and can be found in
table 1, and figure 4.

B4 DISCUSSION

Residual bootstrapping treats the empirical distribu-
tion formed by the set of residuals as sufficient for the
true distribution. R esampling randomly reassigns residual
from other classes and times to the fitted dlp estimates.
Failing to account for the class and temporal differences
in the residual distribution would introduce spurious
variation into the residuals upon resampling for the
bootstrap. The linear model for the heteroskedasticity
is based on a Breusch-Pagan test for heteroskedasticity
(Breusch-Pagan 1979), except it uses the absolute devia-
tion. The normalization is identical to the normalization
performed in a feasible weighted least squares hetero-
skedasticity correction (Cameron and Trivedi 2005).The
heteroskedasticity stabilizing regression appears to have
stabilized the variation as indicated by the more homo-
geneous variance (fig. B2). The heavy tails or extreme
tail events of the normalized residual distribution is quite
likely a feature of the true mortality error distribution
which should be retained during resampling.

An implied assumption in this approach of the estima-
tion variability for P, and a is that all variability comes
from random error at the larval stage, €_; (equation 1).
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Other potential sources of variation in P, and o were
explored. The calculation of P, and the iterative method
for a are simple definitional relationships and any error
in the methods for the point estimates calculated after
mortality estimation is negligible. The standing stock of
eggs (m) and incubation time (#!) are also used in HEP
estimation and can potentially have a stochastic compo-
nent. Reduced form attempts to model this stochasticity,
that attempted to exploit the spatial variation over sta-
tion within a year, were explored. A residual bootstrap
method was again used with residual taken as deviation
from a reduced form spatial model such as a spatial mov-
ing average process, spatial autoregressive process or a
spatial distributed lag process. The results were that some
additional variation was introduced but did not widen
the confidence intervals for the parameters of interest
significantly. The ad-hoc nature of this approach cou-
pled within its marginal contribution led us to abandon
this approach. Furthermore, aggregation over samples,
cruises, and stations is likely to smooth the stochasitic
components of m and ¢'. Thus, we assume that the calcu-
lated values of m and ! are accurate annual statistics for
the region in the sense that randomness in sampling or
other sources is minimized by the aggregation. Alterna-

tively, our bootstrapped distributions can be interpreted
as conditional on the observed m and .

Calculations of higher order moments (such as the
variance) of the data can be particularly sensitive to
extreme tail events. Thus, confidence intervals for param-
eter estimates can have poor coverage when constructed
using standard errors based on a distribution prone to
extreme tail events. The large standard error estimates
for a, and P, based on the delta method were likely
the result of the heavy-tailed distributions. Furthermore,
extreme events can also result in uncentered distribu-
tions. We obtain accurate coverage for parameter con-
fidence intervals by reporting bootstrapped confidence
intervals in place of the regression standard errors for the
NLS estimation of MC? (equation 1).
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ABSTRACT

The catch of the warty sea cucumber Parastichopus
parvimensis off northwestern Baja California declined
since 1997 from 622 metric tons to almost one third
through the last thirteen years, in a relatively stable har-
vest. The fishery employs 294 fishermen, with annual
profits of $243,000 USD. The goal of the study was to
assess the stock biomass, the socioeconomic performance
of the fishery, and to evaluate harvesting scenarios. A
relative constancy of fishing mortality (F) and the stock
biomass were observed the last thirteen years. Current
profits per fisher are near the maximum the fishery can
produce, which is profitable under a narrow combina-
tion of age of first catch and E Fishermen seem to avoid
unprofitable activity when fishing intensity increases, so
there is an apparent tendency to reduce economic risk
by exerting a low effort. Immature animals are exploited,
but under the low F applied, the stock can withstand it
without showing signs of depletion.

INTRODUCTION

Holothurian fisheries are generally small scale and
based on a few deposit-feeding species belonging to
two families and five genera (Conan and Byrne 1993).
Parastichopus parvimensis (Clark) is common from Baja
California, Mexico, to Monterey Bay, California, USA,
although only scattered individuals were reported to
occur north of Point Conception, California. Parasticho-
pus parvimensis is found mainly in low energy environ-
ments from the intertidal down to 30 m and can reach
a maximum length of 30—40 cm (Bruckner 2006). These
animals are an important component of benthic com-
munities of the subtidal zone, recycling nutrients and
cleaning the environment (Yingst 1982), being more
commonly found on rocky and stony grounds from the
low-tide level to >60-m depth (Woodby et al. 2000).
They are dioecious and the gender ratio is 1:1 during
the reproductive stage. Breeding season varies latitudi-
nally along the west coast of Baja California, as in the
stocks of Todos Santos Bay and El Rosario located in the
northern peninsula, where it occurs in the spring-sum-
mer period, whereas in Isla Natividad and Bahia Tortu-
gas, located off the center of the peninsula, it occurs in
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winter-spring (Fajardo-Ledn et al. 2008). Fully devel-
oped gonads were observed in individuals whose body
weight ranges from 120 to 160 g (Pérez-Plascencia 1995,
Espinoza-Montes 2000; Fajardo-Leon et al. 2008) and
they begin reproducing when they are about two years
old (Pérez-Plascencia 1995).

There is little information on the population dynam-
ics of the warty sea cucumber. Muscat (1982) mentioned
that recruitment is sporadic and that natural mortality is
very high. Schroeter et al. (2001) found seasonal varia-
tions in the density of this species in California, USA,
recording the highest values in spring and the lowest
in autumn. Toral-Granda and Martinez (2007) describe
the reproductive biology and population structure of
the sea cucumber of the Galapagos Islands. The fishery
of the warty sea cucumber in Baja California, Mexico,
started formally in 1989, and is done mainly by the red
sea urchin fishermen, who obtained fishing permits for
its commercial exploitation, making this activity com-
plementary and alternative to that of the sea urchin fish-
ery. This activity takes place mainly when the red sea
urchin fishery is closed from March to June each year.
Currently, stakeholders are mostly red and purple sea
urchin fishermen, who use the same fishing grounds,
equipment, and capture system (hookah diving). Each
team consists of a fishing boat with three crew members:
the captain, the air provider, and a diver (Salgado-R ogel
and Palleiro-Nayar, 2008). Fishing takes place along the
Pacific coast of Baja California, from Ensenada, Baja Cal-
ifornia close to the US border, to Bahia Asuncion, south-
ern Baja California, in the middle of the peninsula. In
the the state of Baja California Sur, the fishermen require
special permits, whereas in Baja California (northern
Baja) it is entirely commercial. In Mexico, P parvimen-
sis 1s exempt from the NOM-059-ECOL-2001, which
includes species under special protection (DOF 2002);
however the National Fisheries Chart (DOF 2004), the
Mexican regulatory legal instrument, states that the sea
cucumber fishery is deteriorating and that management
guidelines should be based on the assignment of catch
quotas, with the removal of 10% of the exploitable bio-
mass. The warty sea cucumber fishery in Baja Califor-
nia is based on the catch of nearly 250 metric tons (mt)
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Figure 1. Fishing zones of the warty sea cucumber along the northwestern coast of Baja California, Mexico.

by 270 fishermen in 90 fishing boats allocated to four
fishing zones (fig. 1), during a 55-day fishing season, and
made at depths no deeper than 20 m.

The fishery takes place along the northern halt of the
western Baja California peninsula, between 29°2' and
32.5°N latitude. There is a high demand by the Asian
market for the warty sea cucumber. This and the appar-
ent scarcity of the product led to the assumption that
the stock is overexploited and the need to assess this
fishery with a socioeconomic diagnosis. For this rea-
son, this paper provides some management options that
are not considered in Mexican fishery regulations. The

stock is exploited in four fishing zones. The fishing zone
I goes from the USA border to Punta Banda, zone II
ranges from Punta Banda to Punta Colonet, zone III
from Punta Colonet to El Socorro, and zone IV from
El Socorro to El Rosario (figs. 1, 2).

Exploitation of the sea cucumber has become a pro-
ductive activity for exporter countries to Asian markets,
where the demand for this product seems to be con-
stantly increasing. In consequence, some tropical pro-
ducers, such as Mexico and Ecuador, have responded to
this demand by exploiting their sea cucumber stocks to
the point of depleting some populations, which are not
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Figure 2. Catch records (t) of the warty sea cucumber exploited in all fishing zones (A) and in each of
the four fishing zones (B) off the northwestern coast of Baja California, Mexico.
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abundant and whose dynamics are characterized by being
density-dependent, with a low recruitment rate, long
lives, and consequently easily overexploited (Anonymous
2004; Toral-Granda and Vasconcellos 2008; Friedman and
Gisawa 2010). Examples of this have been shown by the
Lsostichopus fuscus fisheries in the lower Gulf of California
(Herrero-Pérezrul and Chavez 2005), Ecuador and the
Galapagos Islands (Carranza and Andrade 1996; Anon-
ymous 2000a), which were depleted, led the Mexican
authorities to close the fishery during the late 1990s
(Anonymous 1994; Anonymous 2000b; Sonnenholzner
1997) and reopen it in 2002 under strict control of the
access to the fishing grounds.

The maximum catch of the warty sea cucumber was
recorded in 1992, with 723 mt, but landings decreased
to around 240 mt in recent years (fig. 2; Salgado-Rogel
et al. 2009).

METHODS

Monthly samplings were made on sea cucumber land-
ings from all fishing grounds during the season. At each
sampling, twenty kilos from each of two boats were
taken and each sea cucumber was put in a plastic bag
and weighed without water.

Age and growth rate

A requirement for stock assessment is the knowledge of
the age and growth rate of exploited stocks. This condition
imposed the need of trying to evaluate the growth rate
of the warty sea cucumber with sampling data and estab-
lishing the correspondence between length and weight.
The lack of hard structures where growth rings are usually
read led to the use of the analysis of this process by means
of methods based on the indirect estimation of age based
in the modal-progression analysis of size. First, the data
from Pérez-Plascencia (1995) were reworked to obtain
the parameters a and b of the exponential length-weight
regression to transform the weight data into their corre-
sponding lengths, because the software analyzing growth
uses only length data. The power regression is

W = a.Lb

The assessment of the stock was made using catch data
for the last fifteen years. Changes in abundance over time
were determined by using the catch data as a reference
for estimating the population size. Population parame-
ter values were determined by the use of the ELEFAN
and Bhattacharya methods in the FISAT software package
(Gayanilo et al. 1996). Before using these methods, it was
necessary to transform weight data into their correspond-
ing lengths. Weight-frequency values were obtained from
samplings made on the catch (figures 3a, b).

Once the catch data and growth rate were known,
with the aid of the FISAT software package, estimates

of the age composition of the catch were made and fur-
ther analysis, including scenarios of feasible harvesting
strategies, were evaluated with the aid of the simulation
model FISMO (Chavez 2005). With these partial results
the total mortality (Z,) could be determined with the
exponential decay model as

Na+1 = Na ° C(_Zt) (1)

where N, is the number of warty sea cucumbers of
age a+1 and N, is the number of warty sea cucumbers
of age a in reconstructed age groups. With the numbers
per age known, the use of the von Bertalanfty growth
equation allowed the determination of their correspond-
ing lengths at age. Time units are years.

In the virtual population reconstructed, the age
structure for each year was estimated assuming a con-
stant, natural mortality (M). In the exploited age groups,
the fishing mortality (F) was added to M and so the
total mortality was known, Z = M + E For setting the
variables of the initial state, the abundance per age-class
(N,,,) was set using the age-specific abundance N,/2N,
obtained from equation (1). In subsequent years, the
age structure was defined after the estimation of the
number of one-year-old recruits. These values were
used to calculate catch-at-age as proposed by Sparre
and Venema (1992) and were integrated into the sim-
ulation model as

_ F
Y, =N, W,

(F. + M)

(1—ef-Fe— M)

whereY, ; is the catch-at-age a of each year y, N,  is the
number of warty sea cucumbers at age a in year y, W, ¢
is the warty sea cucumber weight equivalent to N, ., F,
and M are as described. Given the initial conditions, the
values of Y, ; were adjusted by varying the initial num-
ber of recruits and linked to the equations described
above until the condition of the following equation was

tulfilled,

A
E Ya,y = Yy(REC)

where Y, rgc) 15 the yield recorded during the year vy,
a = 2 years, and t, = 3/K or longevity, where K is the
growth constant of the von Bertalanfty growth equation
and t, = 5 years. The value of a was found by assuming
that a reasonable life expectancy (L,,,) is when 95% of
the population reaches 95% of Leo, the asymptotic length.
Thus, by making L, = 0.95Le in the von Bertalanfty
growth equation and finding the respective value of t,
the longevity value was found. However, in the simula-
tion, the model considers up to 20 age groups. Use of
the catch equation was made for each year in the time-
series analyzed.
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Figure 3.  Weight-frequency distribution of the warty sea cucumber stock after samplings made in A, sam-
pling of landings, and B, fishery-independent samplings. The weight at first catch is about 280 g, shown as
two white bars, which also is the weight at first maturity.

Mortality

For the estimation of the natural mortality (M), the
criterion proposed by Jensen (1996, 1997) was adopted,
where M = 1.5K. For purposes of comparison, other
M values were estimated by using methods proposed by
other authors and are presented in Table 1. Estimations
of the stock biomass and the exploitation rate E = [F/
(M+F)| were made for each age-class in every fishing year
analyzed by the model. These values were compared to
the E value at the maximum sustainable yield level (Fysy),
a special case, which is the maximum exploitation rate
that a fishery should attain before the stock is overex-
ploited. A diagnosis of which years of the series the stock
was under- or overexploited was then made, providing a
way to diagnose the status of the stock and to recommend
either a further increase or decrease in F at the fishery.

The annual cohort abundance (N, ) coming from
ages older than age-at-maturity (t,, = 2 years) was used
to estimate the annual abundance of adults (S,) over
the years, whereas the abundance of the one-year-old
group was used as the number of recruits (R,). The
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stock-recruitment relationship was evaluated by using
a slightly modified version of the Beverton and Holt
(1957) model in the form

aSS

S +b'S,

where R, is the number of one-year-old recruits in
year y+1, S, is the number of adults in year y, S, is the
maximum number of adults in the population, and a'
and b' are parameters modified from the original model
where a' is the maximum number of recruits and b' is
the initial slope of the recruitment line, which was con-
stant through the simulation. The intensity of recruit-
ment depends to a great extent on the stock size, as part
of an ecological mechanism related to density depen-
dence and carrying capacity.

Model Simulation
The population parameters plus the catch and socio-
economic data were analyzed with the aid of the simu-
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TABLE 1

Population parameter values obtained after the analysis of the length-frequency data used for the evaluation of the warty sea
cucumber fishery. M values obtained after three other methods used for estimating M apart from M = 1.5K are also shown.

Parameter Value Units-Model Source

K 0.6 Bertalanffy This paper (ELEFAN)

Leo 50 mm, Bertalanfty This paper (ELEFAN)

Weo (g) 514 Live weight, Bertalanfty This paper

to —-0.10 Years, Bertalanfty This paper

a 0.4 Length—weight This paper

b 1.83 Length—weight This paper

Age of 1st catch 2 Years, both sexes This paper

Maturity age 2 Years Tapia et al. 1996

Longevity 5 Years As 3/K, this paper

a' 0.29 Beverton & Holt S-R. After age structure

b' 3.16 Beverton & Holt S-R After age structure

M 0.83 Instantaneous rate Pauly (1980); Rikhter & Efanov (1976)
M 0.85 Instantaneous rate Hoenig (1983)

M 0.9 Instantaneous rate As I.5K (Jensen 1996, 1997)
E,ox 0.25 Fusy/ (M+ Fysy) Exploit. rate at MSY, this paper

Phi' 3.2

Log K + 2Log Leo

Growth performance, this paper

lation model FISMO (Chavez 2005). The weight at first
maturity has been estimated to be at about 75 g evis-
cerated weight (Tapia-Vasquez et al. 1996) and after the
analysis of weight-frequency of the landed catch and the
estimation of growth rate, we found that the age of first
capture is 2 years, which was maintained constant in the
analysis of the catch records.

The model reconstructs the age structure over time
and exploitation scenarios were simulated under differ-
ent combinations of fishing intensities and the age-at-
first catch to maximize the biomass, the profits, and the
social benefits, as the number of fishermen in the fishery
and the maximum profit per fisherman. For this purpose,
analytical procedures adopting the concepts and views of
Chavez (1996;2005) and Grafton et al. (2007) were used.

The approach to the socioeconomics of the fishery
was made through the explicit consideration of the costs
of fishing per boat per fishing day ($41.30), the num-
ber of boats (98), the number of fishermen per boat (3),
and the number of fishing days during the fishing season
(55).The catch value ($2.00) is the price at the dock of
the warty sea cucumber landed before adding value. The
difference between the costs of fishing (C) and the catch
value (the benefit, B) is known, so the value divided by
the cost is the B/C ratio. In the simulation, the costs
of fishing per day-boat and catch value were assumed
constant over time. The information of the 2009 fishing
season allowed us to reconstruct the economic trend of
this fishery for the last fifteen years with the aid of the
simulation model, using the estimates of fishing mortal-
ity over time as a reference and its correspondence to
the economic variables. The changes in the population
abundance using the number of survivors in each cohort
were estimated. The initial condition is set by assigning
a seed value to F usually choosing Fygy, which at t, = 2

years, 1s Fygy = 0.3, allowing an estimation of an initial
recruitment number and then estimations of abundance
for each cohort during each year.

Model Validation

The model was developed with 15 years of catch data.
In the validation process, the 15th year was left out of
the direct evaluation and its value was simulated as if it
were unknown. Then the model was fitted to the whole
series of 15 years. The difference between the recorded
and simulated values of this 15th year provided a way to
evaluate the uncertainty in the assessment made for 2009,
the last year of the catch records analyzed. The catch was
displayed by the model, where the stock biomass and the
fishing mortality for each year of the series were estimated.

RESULTS

Evidence of overexploitation of recruits is shown in
the weight-frequency bar graphs (figs. 3a, b) showing a
remarkable bias towards the exploitation of juvenile sea
cucumbers by the fishermen from samplings made of
the catch landed, as compared to the weight-frequencies
recorded from fishery-independent samplings. This is
what is known in fishery biology as recruitment over-
fishing (Hilborn and Walters 1992).

For transforming weight (g) data into their corre-
sponding lengths (cm), the parameters of the length-
weight regression found are a = 0.4 and b = 1.83.Then
the Fisat software package by Gayanilo et al. (1996) was
used, where the Battacharya method for extracting nor-
mal components from length-frequency data was used
intially. Next, the routine named as Elefan method was
used for the estimation of the growth parameter values.
These and the other population parameter values found
and used as input of the model are shown in Table 1.
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Figure 4. Stock biomass (left) and catch (right) in mt of the warty sea cucumber fishery off the northwestern

Baja California peninsula.

Condition of the Fishery

Stock biomass. The results show that the stock bio-
mass had a declining trend since the beginning of the
fishery and during the period of analysis since the first
year (1995), when the catch was 671 mt. Through the
2000s, the catch has been low and relatively stable at
low levels, probably caused by the low profits obtained
during the years of high fishing intensity leading to a
reduction of fishing effort. The maximum stock biomass
of the years of analysis also is about 4,300 mt (fig. 4).
The difference between direct estimations of catch and
those obtained by simulation ranged between —5.9% and
+3.3%, with a coefficient of variation of CV = 0.46.

The intensity of exploitation indicates that the fish-
ery had a very high exploitation intensity during the
second year. In an apparent consequence of this, the
exploitation rate E in 1996 was almost twice the level
of Epsy, with a decrease in biomass, when the model
output suggests that there were no profits. In an appar-
ent response to this condition, the fishing effort was
considerably reduced afterward and the catch decreased
by nearly 50% for 1995 and 1996. Further reductions
of catch took place thereafter ranging between 186 mt
and 282 mt since 2001 (fig. 4). At first sight, this trend
and the overexploitation of juveniles shown in Figure
3, led us to assume that the catch was reduced because
the stock was over-exploited. However, after an initial
decline in 1996, the analysis indicates that the biomass
has been quite stable since 2000 and therefore a decline
in the catch must have been generated by a different
cause, not overfishing.
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Fishing intensity and exploitation rate. After the
estimation of the stock biomass, part of the diagnosis
consisted in the estimation of F and E over time. For E
results show that excepting 1996, when the stock was
clearly overexploited, in all other years the F values sug-
gest that the fishery was underexploited and in ten of
the fifteen years examined, the F values are below 0.1,
indicating a condition of underexploitation, as compared
to the F at the MSY level that is 0.3, as shown in Fig-
ure 5. The performance of the E values is consistent
with those of F in 1996, when a strong overexploitation
is evident. The exploitation rate suggests a condition of
underexploitation, in particular through the last eleven
years, when values range below 0.1, with the threshold
or MSY level at E = 0.25 (fig. 5; table 2).

Bioeconomic Analysis

In 2009, the fishery provided jobs to 270 fishermen
on 90 boats, each boat working 55 days per fishing sea-
son. The cost of each fishing-day per boat was $41.30
USD and the total fishing effort was 5,390 days. The
catch obtained was 233 mt with a value of $466,000,
producing profits of $243,000 with a benefit/cost ratio of
2.1, which is twice the cost of fishing operations (fig. 6).
These results indicate that with exception of 1996 and
1997, when apparently there were no profits, the fishery
has been a profitable activity and stable economically.

To examine the stock response and its economic con-
dition as a function of the fishing intensity, the simu-
lation describes a series of curves, of which four were
selected to display the potential socioeconomics of the
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Figure 5. Exploitation rate (E) and fishing mortality (F) values of the warty sea cucumber stock, also showing the
values of E and F at the MSY level (horizontal broken lines) over the fifteen years of analysis.

TABLE 2
Management scenarios for the warty sea cucumber fishery off Baja California. The condition for the 2009 fishing season
is used as reference. The management options are Fygy = F at the MSY level; Fyy = F at the MEY level, both with a
t. = 1 year. Costs and value are in USD.Yields are those to be obtained in the long term after the stock is restored.
The fishing effort per boat was maintained constant in the 55 days per season, as recorded from the year 2009.
Daily cost per boat is also constant at $41.30, which per fishing season is $9,587.00. C.V. is the coefficient of variation
of recorded catch, 46.4%. Catch value is expressed in thousand USD. M$/Fisher is the condition of the fishery where
profits per fisher are a maximum. EE = Economic equilibrium, when catch value is equal to the cost of fishing.

INDICATORS 2009 Fusy Fuey MS$/Fisher EE Units

F (/y) 0.05 0.5 0.028 0.03 0.32 Rate

t. 2 1 1 2 2 Years

E 5 36 3 3 26 Percent
CATCH 233 1,479 219 143 681 mt
VALUE 466 2,958 437 286 1,362 1,000 USD
FISHING DAYS 5,405 51,975 2911 2911 32,998 Per year
FISHERS 294 11,842 259 98 2,510 3/Boat
BOATS 98 3,947 86 33 837

FLEET CAP. 49 1,973 43 18 419 mt
TOTAL COSTS 223 2,146 120 120 1,362 1,000 USD
B/C 2.1 1.4 3.6 2.2 1.0

PROFITS 243 813 317 148 328 1,000 USD
PROFITS/BOAT 2 0.2 4 4 0 1,000 USD
PROFITS/FISHER 827 69 1,225 1,521 0 USD

fishery. These are the yield, the profits, the number of
fishermen, and the profits per fisher. In two of them
(yield and fishermen), the maximum F value (Fygy) 1s
at F = 0.35 (fig. 7). At this fishing intensity, the maxi-
mum potential yield would be 685 mt, the number of
boats required would be 846, providing employment to
2,538 fishermen. However, under this fishing intensity,
the fishery is no longer profitable, because the B/C =
1 is attained at F = 0.32. Therefore, the performance of
the output variables imposes the need that F < 0.32 for
the existence of an economic activity. It is interesting to
mention that if t. is reduced to t. = 1, then the poten-

tial yield at Fy;gy would be 1,486 mt with a profitable
activity, but if t. = 2, the B/C value at the equilibrium
would be atained at F = 0.317 and the catch at Fyqy
would be reduced to only 685 mt but the fishery would
be not profitable. The F necessary for maximum prof-
its is found at Fyy = 0.028 with t, = 1, and the profits
would be about $317 million (M). However, to get to
this condition, the fishing effort should be reduced from
the current 5,405 fishing days to 2,911 (fig. 7; table 2),
implying a reduction of the number of fishermen from
294 in the current condition to 259.

The Fygy was used here as a reference point to evalu-
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Figure 6. Reconstruction of total profits (bars, left scale) and the benefit/cost ratio (right scale) over fifteen
years of the warty sea cucumber fishery off the northwestern coast of the Baja California peninsula. The hori-
zontal broken line is the B/C ratio at the equilibrium level (B/C = 1). When B = C the economic condition of
the fishery is at equilibrium, meaning that the exploitation is not profitable, and when this ocurrs it means the

begining of a socioeconomic crisis.

ate the biological, economic, and social consequences of
using the current fishing effort or other possible options,
as shown in Table 2, where three different scenarios are
compared to the current condition. The values of all
other variables depend on F and ¢, so these should be
considered as the reference or independent variables, and
indicators in the ouput are the consequences of any strat-
egy chosen.The maximum social benefit is derived from
the number of boats fishing, so their maximum number
is multiplied by the number of fishermen per boat and
this is how the maximum social benefit is known. The
economic-equilibrium level indicates the F value at the
limit, where the fishing intensity cannot be increased
because beyond that level it becomes unprofitable.

MANAGEMENT OPTIONS

Trends in the fishing mortality (F) over time and the
estimates of the total stock biomass were examined. The
criteria for evaluation of fishing scenarios were based
on the F and the age of first catch at the maximum sus-
tainable yield (Fy5y) and at maximum economic yield
(Fumey), and are shown in Table 2. If the fishing authori-
ties decide to adopt any of these options, it would be
convenient to examine in detail the best way to apply
the chosen one in such a way that the fishery is sustained
in the long term and the social problems are minimized.

With the aid of the simulation model, four possible
options of F and t. were explored and the most likely
consequences of each one were evaluated: the condition
under the Fygy, the condition under Fygy, the F produc-
ing the maximum profits per fisherman, and the state of
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variables at the economic equilibrium (B/C = 1).When
the Fygy 1s chosen as target of the fishery, at F = 0.5,
the age of first catch must be reduced to t. = 1. Here
the catch would increase to more than six times the
current value, but this is not a good option because it
would not be profitable. After a review and evaluation
of the current and other possible harvesting strategies,
we concluded that as consequence of the narrow range
of profitable F and t. values, the current one is close to
the most convenient option. In Table 2 the most likely
results of the application of these management strate-
gies are shown.

DISCUSSION

World capture of sea cucumbers reached a peak of
23,400 mt in 2000, decreasing to about 18,900 mt in
2001 (Vannuccini 2004). The high economic value of
the sea cucumber fisheries in the international market
and their low biomass and low turnover rate are factors
contributing to their vulnerability, making these stocks
easily overexploited. However, apart from the belief of a
depleted condition of the stock before this analysis, we
concluded that the fishery is currently exploited very
near to the level of maximum profit per fisher, which we
believe is intuitively adopted by the fishermen. A pos-
sible explanation to this is that the fishery is profitable
under a very narrow range of t. and F values and there-
fore it is suspected that after an empirical knowledge of
this from the fishermen’s viewpoint, they may find it
easier to exploit the stock under less risky conditions,
leading to harvesting the warty sea cucumber within the
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Figure 7. Bioeconomic stock response of the warty sea cucumber fishery off the northwestern Baja California penin-
sula, showing the trend of the potential yield, potential profits, the number of fishermen, and the potential profits/fisher,
as a function of the fishing mortality, tc=2 years. The maximum profits (MEY) are attained at an F level lower than the one
required for the MSY. The line describing the numbers of fishermen reaches its maximum at the same Fy,gy value. The

profits/fisher are positive at values F < 0.32.

most profitable range of age of first catch and fishing
intensity such that it is exploited sustainably.

The dynamics of the sea cucumber fisheries are char-
acterized by overfishing and depletion worldwide, and
although the solution to restore the stocks seems to be a
problem far from being solved, action is often taken after
the stocks have been driven to low levels (Rosenberg
2003). Unfortunately, most of these stocks lack evalua-
tion and rarely are under effective control and supervi-
sion, as stated in papers documenting overexploitation,
overcapitalization, and threats to food security in general
(Beddington and Kirkwood 2005; Bruckner 2005) and
with the sea cucumber in particular (Conand and Byrne
1993; Lovatelli et al. 2004; Toral-Granda et al. 2008).
The issues raised include whether restocking and stock
enhancement should be used to manage the sea cucum-
ber fisheries (Lovatelli et al. 2004). Unfortunately, most
sea cucumber fisheries confirm the statement that they
have rarely been “sustainable” (Pauly et al. 2002). The
warty sea cucumber stock is under recruitment overfish-
ing, which given the low intensity of its exploitation, it
does not have a negative impact on the stock biomass
nor on the stock recruitment process. Results presented

in this paper indicate that the exploitation of the warty
sea cucumber stock in Baja California seems to be an
exception to the most frequent condition seen in sea
cucumber fisheries.

The lack of ability to gather the basic information
needed for management plans, weak enforcement, the
high demand from international markets, and the pres-
sure exerted from resource-dependent communities
are identified as the important factors responsible for
the critical status of the sea cucumber fisheries world-
wide (Carranza and Andrade 1996; Sonnenholzner 1997;
Anonymous 2000a; 2004; Herrero-Pérezrul and Chavez
2005; Hearn and Pinillos 2006; Toral-Granda et al. 2008;
Friedman and Gisawa 2010), leading to an increased con-
cern for their management (Anonymous 1994; Rich-
mond 1996; Salgado-Rogel et al. 2006; R ogers-Bennett
and Ono 2001; Kaly et al. 2007; Friedman et al. 2008).

When a fishery is in a condition of severe exploita-
tion, which is not the case of the warty sea cucumber,
the obvious recommendation is to close it, because the
conservation of the resource becomes a priority as com-
pared to social or economic considerations and then
rights-based management is probably not appropriate
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for all fisheries (Hilborn et al. 2005). Under these cir-
cumstances, and if the depletion is not as severe, the key
point is to find a way to constrain the access to the fish-
ing grounds by minimizing the social impact, the num-
ber of jobs. This is not an easy task because the stock
effect is a nonlinear function of yield and difficult to esti-
mate with a high level of precision (Hannesson 2007).
In overexploited fisheries, choosing the Fygy or Fygy
as the target of the fishery, evidently would be a conve-
nient option and any of these should be adopted once
the stock is restored.

In many instances, a sustainable management of a
fishery depends on reliable assessments of the stock.
However, this is a necessary but not sufficient condi-
tion because an effective control of the access to fishing
grounds and a sound and strict application of regulations
are also indispensable conditions to guarantee a long-
term exploitation.

Ecological extinction caused by overfishing pre-
cedes all the other pervasive human disturbances to the
coastal ecosystems, but data also demonstrate achiev-
able goals for restoration and management (Jackson et
al. 2001). Unsuccessful systems have generally evolved
from open access, attempts at a top-down control with
a poor ability to monitor and implement regulations,
or reliance on consensus (Hilborn et al. 2005). New
definitions of sustainability will attempt to incorpo-
rate the economic and social aspects of the fisheries
(Quinn and Collie 2005) and our work is an example
of such an approach.

The profits of any fishery depend upon the cost of
fishing operations and the catch value, such that even
under the same fleet size, changes in catchability caused
by seasonal changes in behavior or physiological con-
dition, and accessibility of the stock to fishers may lead
to a different catch per unit of effort even if the effort
is relatively constant. These changes imply differences in
costs and profits. In a well-managed fishery it is usually
more convenient to adopt the Fypy value as the target
rather than the F,;5y because it implies a lower risk of
overexploitation (Chavez and Gorostieta 2010). Appro-
priate control regulations are required to control the
exploitation to maintain the warty sea cucumber fish-
ery sustainable over time and space. The conversion of
scientific advice into policy, through a participatory and
transparent process, is at the core of achieving fishery
sustainability (Mora et al. 2009) and it is hoped that the
results given here can be used for a sustainable exploi-
tation of the warty sea cucumber fishery off the Baja
California peninsula.
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ABSTRACT

The taxonomic composition, distribution, concentra-
tion, and community structure of ichthyoplankton oft
the Oregon and Washington coasts were examined in
2004-2009 to investigate annual, seasonal, latitudinal, and
cross-shelf variability. Larval concentrations and commu-
nity structure were also analyzed in relation to several
local and larger-scale environmental variables. The domi-
nant taxa, comprising 94% of the total larvae collected,
were Engraulis mordax, Sebastes spp., Stenobrachius leucop-
sarus, Tarletonbeania crenularis, and Lyopsetta exilis. Larval
concentrations and diversity generally varied across the
temporal and spatial scales. Several seasonal and cross-
shelf assemblages were identified, and annual, seasonal,
latitudinal, and cross-shelf gradients of taxonomic asso-
ciations with significant indicator taxa were found. Dis-
tance from shore, salinity, and temperature were the local
environmental factors that explained the most variability
in larval fish concentrations, while Columbia River out-
flow and sea-surface temperature were the larger-scale
factors that explained the most variability in 2—4 month
lagged larval fish concentrations and diversity.

INTRODUCTION

The northern California Current (NCC) is a highly
dynamic and productive upwelling environment similar
to other eastern boundary current regions around the
world (Bakun 1993; Fréon et al. 2009). Like these other
regions, the NCC supports a wide array of ecologically
and commercially important forage and predatory taxa
such as anchovy, lanternfish, flatfish, and rockfish (Bro-
deur et al. 2006; Checkley and Barth 2009). A key com-
ponent to understanding the processes that influence the
spawning, trophic dynamics, recruitment, and survival
of these important fish stocks is an understanding of
the ichthyoplankton communities, and the environmen-
tal factors that influence them, within these upwelling
regions (Brodeur et al. 2008; Auth et al. 2011).

Many ichthyoplankton studies have been conducted
in the NCC region over the past 40 years, but these have
been generally limited with respect to spatial and tempo-
ral coverage. Past studies have incorporated only coastal
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(<50 km from shore) stations (Mundy 1984; Boehlert
et al. 1985; Brodeur et al. 1985; Brodeur et al. 2008; Par-
nel et al. 2008), or were based on sampling eftorts lim-
ited to one year (Waldron 1972; Richardson 1973), one
transect (Richardson and Pearcy 1977; Auth and Brodeur
2006; Auth et al. 2007; Auth 2009 [although a second
transect was sampled one time]), or one season (Richard-
son et al. 1980; Auth 2008). During 1980-1987, Doyle
(1992) collected ichthyoplankton in conjunction with
temperature and salinity data from multiple cross-shelf
transects during multiple seasons along the northern and
central California Current, but did not conduct any for-
mal statistical analyses of the observed spatial and tempo-
ral patterns. Subsequently, several studies have suggested
that local and larger-scale environmental variables can
influence larval fish communities in the NCC (Doyle
1995; Brodeur et al. 2008), Gulf of Alaska (Doyle et al.
2009), Humboldt Current off Peru (Suntsov 2000), the
North Sea (Beaugrand et al. 2003), and elsewhere (Hsich
et al. 2007).

The present study is the first to incorporate such a
large data set of ichthyoplankton samples collected from
multiple cross-shelf stations, latitudinal transects, seasons,
and years into a comprehensive analysis of the ichthyo-
plankton community structure in relation to both local
and larger-scale environmental factors within the NCC
ecosystem. The objectives of this study are to (1) iden-
tifty and describe the variability within the taxonomic,
annual, seasonal, latitudinal, and cross-shelf ichthyoplank-
ton assemblages within the NCC, (2) identify larval taxa
indicative of each temporal and spatial assemblage, and
(3) identify the local and larger-scale environmental
factors that may influence changes in ichthyoplankton
concentrations. The results of this study establish basic
information on the distribution, composition, and vari-
ability of NCC ichthyoplankton assemblages and their
dominant taxa with respect to dynamic environmen-
tal factors that influence them. This information should
be of great use to fisheries researchers and managers in
assessing the impact of environmental processes on early-
life histories and subsequent recruitment of important
forage and commercial stocks.



AUTH: ANALYSIS OF THE EPIPELAGIC ICHTHYOPLANKTON COMMUNITY

CalCOFI Rep., Vol. 52, 2011

METHODS

Sampling Procedures

A total of 489 ichthyoplankton samples were collected
from 28 monthly cruises between May and October/
November 2004-2009. Samples were collected primarily
at five stations extending ~20—100 km offshore at ~20
km intervals along each of four transects (i.e., Willapa
Bay [WB: 46.67°N], Columbia River [CR: 46.16°N],
Newport Hydrographic [NH: 45.65°N|, and Heceta
Head [HH: 44.00°N]) for a total of ~20 stations per
monthly cruise off the southern Washington and central
Oregon coasts from May to September. Additional sta-
tions extending as far inshore as 9 km and as far offshore
as 238 km were sampled occasionally (fig. 1). The 9 km
inshore station along the NH transect was only sampled
in June and September 2004 and May 2006, the 116
km far-offshore station along the CR transect was only
sampled in May 2006, the far-offshore stations along the
HH transect were only sampled in August 2004, and the
far-offshore stations along the NH transect were only
sampled as follows: 120 km station in June, August, Sep-
tember, and November 2004, October 2005, May 2006,
and June 2008; 139 km station in August 2004; 157 km
station in June and September 2004, May 2006, and June
2008; 208 and 238 km stations in June 2008. No sam-
pling was conducted in May and July 2004, May 2005, or
July 2006. However, additional samples were collected in
November 2004 and October 2005. Not all stations were
sampled during all cruises due to inclement weather or
equipment malfunctions. Sampling was done primarily
at night (n = 372), although some samples were collected
during crepuscular periods (n = 117) due to the lack of
sufficient night hours during the summer months. Since
no diel pattern of variability in larval concentrations
(no. 1000 m=3) was found through ordination analysis or
ANOVA (p > 0.34), all samples were used in subsequent
analyses regardless of time of sampling.

Samples were collected using a bongo net with a
60-cm (70-cm in June, September, and November 2004,
October 2005, and May 2006) diameter mouth open-
ing and fitted with 335-um mesh. The bongo was fished
as a continuous oblique tow from ~100 m (or within
5 m of the bottom at stations <100 m) to the surface
at a retrieval rate of 33 m min~' and ship speed of 1.0—
1.5 m s7'. A depth recorder and flowmeter placed in
the net during each tow allowed determination of tow
depth and volume of water filtered. The mean water
volume filtered was 161.6 m? (standard error, SE = 2.6).
Temperature (°C), salinity, density (sigma theta, kg m=3),
fluorescence (mg m=, an indicator of chlorophyll), and
turbidity (mg m=) were measured throughout the water
column during most cruises using a Seabird SBE 25
CTD (Sea-Bird Electronics Inc., Bellevue, WA, USA).

Seabird model SBE 911 was used in November 2004,
October 2005, and May 2006. During 2008 and 2009,
dissolved oxygen concentration (DO, ml L), and DO
saturation (%) were also measured. Not all environmental
parameters were measured at all stations due to periodic
instrumentation malfunctions.

Ichthyoplankton samples collected in 2004-2008
were preserved at sea in a 10% buffered-formalin sea-
water solution. Samples collected in 2009 were preserved
at sea in 95% ethanol for ~72 hours, then filtered and
re-preserved in fresh 95% ethanol. Larval fish from each
sample were completely sorted, counted, and identified
to the lowest taxonomic level possible in the laboratory
using a dissecting microscope. Most Citharichthys spp.,
Cyclothone spp., osmerids, Pholis spp., Scopelosaurus spp.,
Sebastes spp., and Sebastolobus spp. larvae were not iden-
tifiable below the generic or family level based on mer-
istics and pigmentation patterns, so no species-specific
inferences are intended for these taxa in this study. How-
ever, the majority of individuals classified as Citharich-
thys spp. are either C. sordidus or C. stigmaeus based on
the larger, identifiable individuals collected and domi-
nance of these paralichthyid species in the NCC ichthy-
oplankton (Matarese et al. 1989). All larvae of rare taxa
or a random subsample of 30 individuals of abundant
taxa in each sample were measured to the nearest 0.1
mm standard length (SL), or notochord length (NL) for
preflexion larvae, using UTHSCSA Image Tool Version
3.0 image processing and analysis software (http://ddsdx.
uthscsa.edu/dig/itdesc.html 2010).

Data Analyses

Hierarchical cluster analyses in conjunction with non-
metric multidimensional scaling (MDS) ordinations were
used to identify potential larval fish taxonomic, annual,
seasonal, latitudinal, and cross-shelf assemblages (Field
et al. 1982). For analyses of taxonomic assemblages, only
those larval taxa (n = 13) found in >5% of the sam-
ples were included, while all identifiable taxa (n = 60)
were included in the other assemblage analyses. Samples
lacking larval fish were not included in the cluster and
MDS analyses.

Taxonomic, annual, seasonal, latitudinal, and cross-
shelf dendrograms were created using hierarchical,
group-averaged clustering from Bray-Curtis similari-
ties on fourth root-transformed larval fish concentra-
tions (Clarke and Warwick 2001). Larval concentrations
for each taxon were averaged for each cruise (n = 28)
and station (n = 30), which constituted the sampling
units in the respective multivariate matrices. In order
to verify dendrograms interpretations, nonmetric MDS
ordinations were preformed using similarity matrices
from the cluster analyses with 20 random restarts each
to minimize stress levels. A two-dimensional ordination
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Figure 1. Locations and classifications (coastal [triangles], offshore [cir-
cles], and far-offshore [squares]) of stations sampled during this study off
the Oregon and Washington coasts in 2004-2009. Contour lines represent-
ing the 200-, 500-, 1000-, and 2000-m isobaths are shown. Filled symbols
depict normally-sampled stations, and open symbols depict irregularly-sam-
pled stations. The filled star symbol represents the location of the National
Oceanic and Atmospheric Administration’s (NOAA) Stonewall Banks buoy.

approach was adopted because stress levels were suffi-
ciently low (<0.16) in all cases and results were suffi-
ciently interpretable ecologically in two-dimensional
space (Clarke and Warwick 2001).

For the cross-shelf distributional analyses, stations
were classified as coastal (<~50 km from shore), off-
shore (~50-100 km), and far-oftshore (>~100 km)
(fig. 1) based on the results of the MDS and cluster
analyses. The Shannon-Wiener diversity index (H') was
used to measure larval diversity, where higher H' values
denote greater diversity (Shannon and Weaver 1949).
Taxa evenness was assessed using Pielou’s evenness index
(J"), although evenness was not included in the analyses
because it was highly negatively correlated with diver-
sity (p < 0.0001). Analysis of variance (ANOVA) and
Tukey’s multiple range tests were applied to the log.(n +
0.1)-transformed larval station concentrations and diver-
sity measures to test for significant differences (p < 0.05)
between annual, seasonal, latitudinal, and cross-shelf
scales. Weighted mean (based on concentration) larval
lengths of dominant taxa were also calculated for each
sample, and were similarly tested for significant differ-
ences between annual, seasonal, latitudinal, and cross-

shelf scales.
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A non-parametric multi-response permutation pro-
cedure (MRPP) was used to test for between-group dif-
ferences in larval concentrations within several factors
by calculating an A-statistic ranging from 0 to 1, with
the maximum value indicating complete agreement
between groups (McCune and Mefford 1999). Factors
and groups within those factors were defined as: (1) year
(2004, 2005, 2006, 2007, 2008, and 2009), (2) month
(May, June, July, August, September, October/Novem-
ber), and (3) latitude (WB, CR, NH, and HH transects)
and (4) cross-shelf (coastal, offshore, and far-offshore).
Statistical significance was determined at the a = 0.001
level. Indicator species analysis (ISA) was also performed
on the fourth root-transtormed larval fish concentra-
tions using 5000 random restarts for each Monte Carlo
simulation to test taxonomic fidelity within each group
(Dufréne and Legendre 1997). Statistical significance for
this test was determined at the o = 0.05 level. All MR PP
and ISA analyses were performed using PC-Ord Ver-
sion 5 statistical software (McCune and Meftord 2006).

Because sampling during October (2005) and
November (2004) only occurred in one year, the sam-
ples were combined into a single seasonal unit (Octo-
ber/November) and only included in between-month
cluster, MDS, ANOVA, MRPP, and ISA analyses. Also,
because far-offshore stations were only sampled peri-
odically, the data were only included in similar cross-
shelf analyses. Unidentified larvae were excluded from all
analyses except for ANOVA tests involving total larvae.

A non-parametric multivariate procedure (BIO-
ENV) was used to analyze the relationship between
select local environmental variables and larval fish com-
munity structures. The details of the BIO-ENV algo-
rithm and its suitability for use in analyzing biological/
environmental data interactions are described by Clarke
and Warwick (2001) and Clarke and Gorley (2006).
Sample concentration by taxonomic similarity matrices
were analyzed in association with several environmen-
tal variables: latitude, station depth (m), station distance
from shore (km), and water temperature, salinity, den-
sity, fluorescence, and turbidity all measured at 20-m
depth. Since DO and DO saturation data were only
collected in 2008 and 2009, two separate analyses were
performed: one using the sample by taxonomic simi-
larity matrix in association with only latitude, station
depth, station distance from shore, temperature, salin-
ity, density, fluorescence, and turbidity (336 samples X
60 taxa), and the other incorporating samples with all
environmental data available including DO and DO sat-
uration (151 samples X 60 taxa). Samples containing
either no larvae or coincidental environmental data were
excluded from analyses. Both BIO-ENV analyses were
performed using the Spearman rank correlation method
on normalized Euclidean distance similarity matrices of
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log.(n + 1)-transformed, non-standardized environmen-
tal variables by fourth root-transformed larval sample
concentrations (Clarke and Gorley 2006). All cluster,
MDS, and BIO-ENYV analyses were performed using
PRIMER Version 6.1.7 statistical software (Clarke and
Gorley 2006).

Pair-wise correlation analyses were conducted to
assess the relationship between concentrations of the
most abundant taxa (i.e., Engraulis mordax, Lyopsetta exi-
lis, Sebastes spp., Stenobrachius leucopsarus, and larletonbea-
nia crenularis) and total fish larvae, larval diversity, and
both local and larger-scale environmental variables. As
noted above, local environmental variables are water
temperature, salinity, density, luorescence, and turbid-
ity for all years, and DO and DO saturation for 2008
and 2009. Larger-scale environmental variables that were
easily available and may influence the distribution, con-
centration, and transport of coastal pelagic fish larvae
in the NCC region included: Multivariate El Nifo-
Southern Oscillation Index (MEI; http://www.esrl.
noaa.gov/psd/people/klaus.wolter/MEIL/ 2011), Pacific
Decadal Oscillation (PDO; http://jisao.washington.edu/
pdo/ 2011), Northern Oscillation Index (NOI; http://
www.pfeg.noaa.gov/products/PFEL/modeled/indices/
NOIx/noix.html 2011), sea-surface temperature (SST,
°C; http://www.ndbc.noaa.gov/ 2011) recorded from
NOAA’s Stonewall Banks buoy located 20 nm west
of Newport, Oregon (44.64°N, 124.50°W), and east-
ward Ekman transport (EET, kg m™; http://www.pfeg.
noaa.gov/products/las.html 2011), northward Ekman
transport (NET, kg m~'; http://www.pfeg.noaa.gov/
products/las.html 2011), and Upwelling Index (UPW;
http://www.pfeg.noaa.gov/products/PFEL/modeled/
indices/PFELindices.html 2011) each for 45°N, 125°W,
and Columbia River outflow (COL, 1000 ft s'; http://
www.cbr.washington.edu/dart/river.html 2011) mea-
sured at Bonneville Dam located 235 km upriver from
the mouth of the Columbia River. SST recorded from
NOAA’s Stonewall Banks buoy was used as a consis-
tent, general indicator of SST in the study region as a
whole (Brodeur et al. 2008; Auth et al. 2011), and thus
is referred to as a larger-scale variable. Missing values in
the SST data set were due to equipment failure on the
buoy. Values for the local environmental variables used
in analyses were taken from different depths in the water
column at each station corresponding to the mean depth
for each taxon as reported by Auth and Brodeur (2006)
and Auth et al. (2007): E. mordax, 10—m depth; Sebastes
spp., total larvae, and larval diversity, 20-m depth; L. exilis
and S. leucopsarus, 40—m depth; T crenularis, 50—m depth.
Monthly-averaged larval concentrations and diversity
were lagged 0—5 months behind the larger-scale envi-
ronmental variables to account for delayed effects of
changes in basin-wide atmospheric-oceanic processes on

regional hydrography affecting larval concentrations and
diversity. Due to the large amount of zero values in the
data set, samples with no larvae were excluded from the
local environmental analysis. Similarly, since E. mordax
and L. exilis larvae were highly seasonal and therefore
not collected during several cruises in the study (n = 9
and 8, respectively), those cruises were excluded from
the larger-scale environmental analyses for these species.
Prior to inclusion in the analyses, larval concentrations
were log.(n + 0.1)-transformed. Statistical significance
was determined at the a = 0.01 level. All ANOVA and
correlation analyses were performed using the statisti-
cal software JMP Version 7.0 (SAS Institute Inc. 2007).

Non-parametric multiplicative regression (NPMR)
analysis was similarly conducted to further assess the
relationship between concentrations of dominant taxa
and total larvae, larval diversity, and local and larger-
scale environmental variables, and to test for interac-
tions between these variables. Details of the NPMR
algorithm and its suitability for use in analyzing bio-
logical/environmental data interactions are described by
McCune (2006). Best-fit models were developed using
a local mean estimator with a Guassian weighting func-
tion, a predictor ratio minimum of 10, 5% improve-
ment criterion, a minimum average neighborhood size
of n (samples) X 0.05, a step size equal to 5% of the
range, with 10% maximum allowable missing estimates, a
minimal backtracking search method, and leave-one-out
cross validation. Prior to inclusion in the analyses, larval
concentrations were log.(n + 0.1)-transformed. Statisti-
cal significance for each selected model was evaluated
after 1000 random runs. All NPMR analyses were per-
formed using the statistical software HyperNiche Version
2.0 (McCune and Mefford 2009).

RESULTS

Environmental Factors

Larger-scale (i.e., MEL, PDO, NOI, SST, EET, NET,
UPW, COL) environmental factors varied annually and
seasonally throughout the study (fig. 2). Weak El Nifio
conditions were prevalent during the 2004 sampling sea-
son, while 2005 was marked by highly anomalous late
upwelling (mid-July) unrelated to the El Nifo-South-
ern Oscillation (ENSO) (Brodeur et al. 2006; Schwing
et al. 2006) followed by a sudden negative shift in the
MEI that persisted through mid-2006. La Nifa condi-
tions were prevalent during most of the 2007 and 2008
sampling seasons, followed by a switch to El Nifo con-
ditions in mid-2009. Monthly-averaged MEI, PDO, and
SST values were positively correlated with each other
but negatively correlated with NOI values, while SST
values were positively correlated with UPW but nega-
tively correlated with EET values (p < 0.01).
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Figure 2. Time-series of 15 monthly-averaged local and larger-scale environ-
mental indices/variables analyzed in this study. The seven local variables (mea-
sured at 20-m depth at sampling stations) are: temperature ('C), salinity, density
(kg mr3), fluorescence (mg m-3), turbidity (mg m-3), dissolved oxygen (DO, ml L-1),
and DO saturation (%). The eight larger-scale indices/variables are: Multivari-
ate El Nifio-Southern Oscillation Index (MEI), Pacific Decadal Oscillation (PDO),
Northern Oscillation Index (NOI), sea-surface temperature (SST, °C) recorded
from the National Oceanic and Atmospheric Administration’s (NOAA) Stone-
wall Banks buoy located 20 nm west of Newport, Oregon (44.64°'N, 124.50°W),
and eastward Ekman transport (EET, kg m-1), northward Ekman transport (NET,
kg m-1), and Upwelling Index (UPW) each for 45°N, 125°'W, and Columbia River
outflow (COL, 1000 ft s-') measured at Bonneville Dam located 235 km upriver
from the mouth of the Columbia River. Missing values in the local environmen-
tal variable data sets are due to either equipment failure on the CTD or lack
of sampling due to inclement weather or other equipment malfunctions, while
missing values in the SST data set are due to equipment failure on the buoy.
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TABLE 1
Taxon composition, frequency of occurrence, mean concentration (no. 1000 m-3), percent of total concentration,
month (May [M], June [Jn], July [Jy]l, August [A], September [S], October [O], November [N]), latitudinal transect
(north-south: Willapa Bay [WB], Columbia River [CR], Newport Hydrographic [NH], and Heceta Head [HH]),
and cross-shelf region (C = coastal, O = offshore, F = far offshore) for all larval fish collected during this study
off the Oregon and Washington coasts in 2004-2009. * = larvae collected during months outside their seasonal
spawning period for this region as reported in Matarese et al. (1989).

Frequency Mean Total Cross-shelf

Taxon Common name occurrence concentration concentration Month Transect region
Clupeidae

Sardinops sagax Pacific sardine 0.01 0.22 0.11 M, Jy WB, NH C,O,F
Engraulidae

Engraulis mordax Northern anchovy 0.23 75.94 36.92 M-O* All C,O,F
Bathylagidae

Bathylagus pacificus Pacific blacksmelt 0.01 0.06 0.03 M-Jy* CR, NH, HH C,O,F

Lipolagus ochotensis Eared blacksmelt 0.07 0.80 0.39 M-S, N* All C,O,F
Osmeridae

Undetermined spp. Smelts 0.01 0.09 0.04 M-Jn WB, CR C
Phosichthyidae

Cyclothone spp. Bristlemouths <0.01 0.01 0.01 o CR o
Stomiidae

Chauliodus macouni Pacific viperfish 0.04 0.29 0.14 M-O All C,0

Tactostoma macropus Longfin dragonfish <0.01 0.01 0.01 A CR (@]
Notosudidae

Scopelosaurus spp. Paperbones/Waryfish <0.01 0.01 <0.01 M NH F
Paralepididae

Lestidiops ringens Slender barracudina 0.01 0.05 0.02 M,A, N NH, HH O,F
Myctophidae

Protomyctophum crockeri California flashlightfish 0.03 0.24 0.12 M-Jn,A-N All C,O,F

Protomyctophum thompsoni Bigeye lanternfish 0.05 0.41 0.20 M-N All O,F

Tarletonbeania crenularis Blue lanternfish 0.36 6.49 3.16 M-N* All C,O,F

Nannobrachium regale Pinpoint lampfish 0.17 2.07 1.01 M-O All C,OF

Nannobrachium ritteri Broadfin lampfish <0.01 0.01 0.01 (¢) CR (¢)

Stenobrachius leucopsarus Northern lampfish 0.47 39.55 19.23 M-N* All C,OF

Diaphus theta California headlightfish 0.03 0.70 0.34 M-S All O,F

Undetermined spp. <0.01 0.01 0.01 Jn WB O
Merlucciidae

Merluccius productus Pacific hake 0.02 0.26 0.13 M-Jn All O,F
Gadidae

Microgadus proximus Pacific tomcod <0.01 0.02 0.01 M WB C
Ophidiidae

Spectrunculus grandis Pudgy cuskeel <0.01 0.01 <0.01 M NH O
Bythitidae

Cataetyx rubrirostris Rubynose brotula <0.01 0.01 0.01 Jn NH O
Trachipteridae

Tiachipterus altivelis King-of-the-salmon 0.01 0.03 0.02 Jn,A-S CR,NH O,F
Melamphaidae

Melamphaes lugubris Highsnout bigscale <0.01 0.02 0.01 M, S ‘WB, NH O,F
Scorpaenidae

Sebastes spp. Rockfishes 0.64 66.48 32.32 M-N All C,O,F

Sebastolobus spp. Thornyheads 0.05 0.77 0.37 M-Jy,O*  CR,NH, HH C,O,F
Hexagrammidae

Hexagrammos octogrammiuis Masked greenling <0.01 0.03 0.01 M-]Jn WB, HH (@]
Cottidae

Scorpaenichthys marmoratus Cabezon <0.01 0.01 0.01 M WwWB O

Chitonotus pugetensis Roughback sculpin <0.01 0.01 0.01 Jy* HH O

Paricelinus hopliticus Thornback sculpin 0.01 0.11 0.05 M, A-S NH, HH C,0

Radulinus asprellus Slim sculpin 0.01 0.13 0.06 M,Jy All C

Ruscarius meanyi Puget Sound sculpin 0.01 0.03 0.02 M CR,NH, HH C

Artedius harringtoni Scalyhead sculpin 0.03 0.23 0.11 M-Jn,A-S All C,0

Cottus asper Prickly sculpin <0.01 0.01 0.01 M CR C

Undetermined spp. Sculpins <0.01 0.01 0.01 A CR O
Agonidae

Xeneretmus latifrons Blacktip poacher <0.01 0.03 0.01 M, A* CR,NH C, O

Bathyagonus pentacanthus Bigeye poacher <0.01 0.06 0.03 In NH F
Psychrolutidae

Malacocottus zonurus Darkfin sculpin <0.01 0.01 0.01 Jn HH O
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TABLE 1 (CONT'D.)
Taxon composition, frequency of occurrence, mean concentration (no. 1000 m-3), percent of total concentration,
month (May [M], June [Jn], July [Jy]l, August [A], September [S], October [O], November [N]), latitudinal transect
(north-south: Willapa Bay [WB], Columbia River [CR], Newport Hydrographic [NH], and Heceta Head [HH]),
and cross-shelf region (C = coastal, O = offshore, F = far offshore) for all larval fish collected during this study
off the Oregon and Washington coasts in 2004-2009. * = larvae collected during months outside their seasonal
spawning period for this region as reported in Matarese et al. (1989).

Frequency Mean Total Cross-shelf

Taxon Common name occurrence concentration concentration Month Transect region
Liparidae

Liparis fucensis Slipskin snailfish 0.13 1.11 0.54 M-S, N* All C,OF

Liparis pulchellus Showy snailfish <0.01 0.04 0.02 In-Jy WB, CR C

Liparis spp. Snailfishes <0.01 0.03 0.01 M, Jy NH, HH C,0
Carangidae

Tiachurus symmetricus Jack mackerel <0.01 0.01 <0.01 A WB O
Bathymasteridae

Ronquilus jordani Northern ronquil <0.01 0.04 0.02 M CR,NH C
Stichaeidae

Poroclinus rothrocki ‘Whitebarred prickleback <0.01 0.01 <0.01 M CR C

Plectobranchus evides Bluebarred prickleback 0.01 0.08 0.04 M, A NH, HH C, O
Pholidae

Pholis spp. Gunnels <0.01 0.02 0.01 M WB C
Icosteidae

Icosteus aenigmaticus Ragfish 0.01 0.09 0.04 M WB, CR, NH C,O,F
Gobiidae

Rhinogobiops nicholsii Blackeye goby <0.01 0.02 0.01 A NH o
Centrolophidae

Icichthys lockingtoni Medusafish 0.01 0.08 0.04 M-Jn CR, NH, HH O, F
Paralichthyidae

Citharichthys sordidus and stigmaeus Pacific and speckled sanddab ~ 0.15 1.81 0.88 M-N* All C,O,F
Pleuronectidae

Atheresthes stomias Arrowtooth flounder <0.01 0.02 0.01 M CR, HH O

Embassichthys bathybius Deepsea sole <0.01 0.01 <0.01 Jn WB (@)

Eopsetta jordani Petrale sole <0.01 0.01 <0.01 M NH O

Glyptocephalus zachirus Rex sole 0.09 0.85 0.41 M-S* All C,OF

Lsopsetta isolepis Butter sole 0.03 0.24 0.12 M-Jn* WB, CR, HH , O

Lyopsetta exilis Slender sole 0.25 5.20 2.53 M-S* All C,OF

Microstomus pacificus Dover sole 0.06 0.55 0.27 M-S* All O, F

Parophrys vetulus English sole 0.01 0.02 0.01 M-Jn* NH, HH C,0

Platichthys stellatus Starry flounder <0.01 0.02 0.01 M* CR C

Psettichthys melanostictus Sand sole 0.01 0.07 0.03 M-Jy All C, 0
Undetermined 0.02 0.14 0.07 M-A WB, CR, NH C,O

Taxonomic Composition

A total of 16,524 fish larvae were collected and rep-
resented 60 taxa and 30 families (table 1). Five fami-
lies accounted for 98% of the total standardized larval
concentration: Engraulidae (37%), Scorpaenidae (33%),
Myctophidae (24%), Pleuronectidae (3%), and Paralich-
thyidae (1%). Within these families, five taxa were dom-
inant based on total mean concentration (94% of the
total standardized larval concentration) and frequency
of occurrence from all samples: E. mordax, Sebastes spp.,
S. leucopsarus, T. crenularis, and L. exilis. Several other
taxa were collected at relatively high frequencies but
with lower mean concentrations: Nannobrachium regale,
Citharichthys spp., Liparis fucensis, Glyptocephalus zachirus,
Lipolagus ochotensis, Microstomus pacificus, Protomyctophum
thompsoni, Sebastolobus spp., Chauliodus macouni, Diaphus
theta, Artedius harringtoni, Isopsetta isolepis, and Protomyc-
tophum crockeri (listed in order of highest to lowest mean
concentration).

154

Cluster and Multidimensional Scaling
(MDS) Analyses

Several taxonomic, seasonal, and cross-shelf assem-
blages were identified, although no annual or latitudinal
assemblages were apparent (figs. 3a—c, 4a—b). Taxonomic
assemblages could not be explained by differences in
a single factor (e.g., cross-shelf affiliation), but rather
seem to be the result of an association between certain
taxa based on the interaction between multiple fac-
tors (e.g., annual, seasonal, latitudinal, and cross-shelf).
Larvae clustered as four seasonal assemblages along a
continuous temporal gradient: spring (May), early sum-
mer (June—July), late summer (August—September),
and fall (September—October/November). Cluster and
MDS analyses indicated the presence of three cross-
shelf assemblages: coastal (<~50 km from shore), off-
shore (~50-100 km), and far-offshore (>~100 km).
Although there appears to be a continuous spatial
gradient between these assemblages, the offshore



AUTH: ANALYSIS OF THE EPIPELAGIC ICHTHYOPLANKTON COMMUNITY
CalCOFI Rep., Vol. 52, 2011

Taxon

Liparis fucensis

Citharichthys spp.

Nannobrachium regale

Lyopsetta exilis

Stenobrachius leucopsarus

Spp.

Tarletonbeania crenularis

Engraulis mordax

Sebastolobus spp.

Lipolagus ochotensis

Microstomus pacificus

Glyptocephalus zachirus

Protomyctophum thompsoni
| | | | | |
I U f U U {

0 20 40 60 80 100
Similarity

Cruist

Nov 0
Oct 0!
Sep 0
Sep 0
Sep 0
Sep 0
Sep 0
Aug 0

4@
- %;% S

Aug 0
Aug 0
Aug 0

Aug 0

Jun O

Jul 08

Jul 07
L

Jul 09
Jun O
Jul 05
Jun 0!
Jun 0!
Jun 0
Jun 0i
May 0

May 0
‘_,—‘ May 0
May
|
T

40 60 8l
Similarity

]
100

S+

Station

NH 139

HH 120

4(—: HH 102

HH 139

NH 208

— NH 238

CR 115

NH 157

— \H120

NH 102
HH 85
CR75
CR57
NH 65
NH 84
WB 87
CR95
WB 71
HH 69
HH 53

— WB 56
NH 47

CR 39

NH 27
Figure 3. Dendrograms resulting from cluster analysis per- HH 37
formed on larval fishes collected during this study off the HH 21

Oregon and Washington coasts in 2004-2009: (A) taxon, WS 32
(B) cruise (month and year), and (C) station (transect [north- CR22
south: Willapa Bay (WB), Columbia River (CR), Newport NH 9

Hydrographic (NH), and Heceta Head (HH)] and distance 0 20 40 80 80 100
from shore [km]). Similarity

155



AUTH: ANALYSIS OF THE EPIPELAGIC ICHTHYOPLANKTON COMMUNITY
CalCOFI Rep., Vol. 52, 2011

2D Stress: 0.16 Month
A X May
o A June
v July
* v O August
& September
2 2 O Oct/Nov
A
L 2
(m}
(m}
* a
= X
O
o
¢ X
o
L
2D Stress: 0.09 ||Cross-shelf region
B A Coastal
Q Offshore
A W Far offshore
A
A
A A A
A O
A o n
00 u
[ |
- [ |
[ |
u [ |

Figure 4. Plots resulting from multidimensional scaling analysis performed on larval fishes collected during this study off the Oregon and Washington coasts in

2004-2009: (A) month and (B) cross-shelf region.

156



AUTH: ANALYSIS OF THE EPIPELAGIC ICHTHYOPLANKTON COMMUNITY

CalCOFI Rep., Vol. 52, 2011

TABLE 2
Annual mean concentrations (no. 1000 m=3) and diversity (H') of fish larvae collected during this study
off the Oregon and Washington coasts in 2004-2009 (1 SE in parentheses). For between-year comparisons of each
taxon and larval diversity, different superscripts indicate significant differences (ANOVA p < 0.05).

2004 2005 2006 2007 2008 2009
Engraulis mordax 20.6 (9.5) 215 3 (78.1)0 42 (1.7) 13.0 (4.9)b 62.3 (56.9)b 141.2 (106.2)b
Lyopsetta exilis 4.0 (1.8)% 3 (0.4)b 3.6 (1.1)%® 10.1 (2.2) 3.6 (1.2)® 8.5 (1.7)*
Sebastes spp. 89.2 (28.6) 52 7 (13.6) 22.9 (4.6) 60.5 (18.3) 68.3 (13.7) 129.6 (49.2)
Stenobrachius leucopsarus 4.0 (1.6)> 37.1 (10.7)® 44.1 (10.9)ab 48.2 (9.6) 45 3 (9.6)* 36.3 (7.9)
Tarletonbeania crenularis 2.6 (1.1) 9.0 (2.2) 5.1(1.3) 4.9 (0.9) 3(1.4) 7.2 (1.4)
Total larvae 126.5 (40.3) 328.0 (82.4) 92.0 (15.5) 149.5 (26.1) 194.2 (61.0) 337.4 (126.0)
Diversity 0.76 (0.05) 0.68 (0.04) 0.72 (0.03) 0.77 (0.03) 0.69 (0.03) 0.74 (0.03)
TABLE 3

Monthly mean concentrations (no. 1000 m=3) and diversity (H') of fish larvae collected during this study
off the Oregon and Washington coasts in 2004-2009 (1 SE in parentheses). For between-month comparisons of each
taxon and larval diversity, different superscripts indicate significant differences (ANOVA p < 0.05).

May June July August September Oct/Nov
Engraulis mordax 0.2 (0.2)® 206.4 (114.8) 257.6 (110.9) 5.6 (1.8)® 0.6 (0.3)® 0 (0)b
Lyopsetta exilis 14.1 (2.0) 12.5 (2.3)* 2.0 (0.8)b 0.6 (0.2)b 0.1 (0.1)® 0 ()b
Sebastes spp. 64.6 (17.4)® 187.2 (53.3) 85.5 (20.4) 25.0 (3.6)b¢ 9.7 (2.3)d 24 7 (18.3)cd
Stenobrachius leucopsarus 72.2 (12.1) 71 0 (11.0)2 41.6 (10.5) 21.2 (5.9)b 1.8 (0.7)¢ 9 (0.5)¢
Tarletonbeania crenularis 4.7 (1.1) 6 (1.9) 7.5 (1.8) 5.6 (1.0) 4.2 (0.8) 5(0.8)
Total larvae 179.3 (23.6)* 505.4 (134.5) 400.7 (114.3) 65.3 (9.4)b 20.1 (2.6)¢ 30.9 (18.6)¢
Diversity 0.74 (0.02)> 0.62 (0.03)¢ 0.60 (0.04)c 0.82 (0.02)2 0.87 (0.03)2 0.81 (0.08)*

TABLE 4

Latitudinal (north-south: Willapa Bay [WB], Columbia River [CR], Newport Hydrographic [NH],
and Heceta Head [HH] transects) mean concentrations (no. 1000 m3), diversity (H'), and weighted (by concentration)
mean lengths (mm) of fish larvae collected during this study off the Oregon and Washington coasts in 2004-2009
(1 SE in parentheses). For between-transect comparisons of each taxon and larval diversity, different superscripts
indicate significant differences (ANOVA p < 0.05).

Mean concentration

Mean length

WB CR NH HH WB CR NH HH

Engraulis mordax 203.7 (119.4) 36.8 (11.4) 24.3 (8.7) 85.3 (46.5) 7.4 (0.2)° 10.0 (0.3) 7.4 (0.3)%  10.7 (0.3)
Lyopsetta exilis 2.0 (0.5)¢ 2.2 (0.6)be 7.0 (1.5)%® 10.5 (1.8) 7.9 (0.6) 9.4 (0.6) 8.3 (0.3) 8.8 (0.3)
Sebastes spp. 37.0 (8.4)b 27.1 (6.0)b 77.1 (18.4)%  138.5 (42.0) 5.0 (0.1)® 5.9 (0.1) 4.4 (0.1)b 4.5 (0.1)b
Stenobrachius leucopsarus 43.2 (9.3)% 56.6 (10.4) 39.2 (7.4) 22.9 (4.9)® 8.3 (0.1) 7.5 (0.1) 7.4 (0.1) 7.7 (0.1)
Tarletonbeania crenularis 4.1 (0.8) 7.8 (1.4) 7.7 (1.3) 5.2(1.2) 9.6 (0.6) 9.0 (0.4) 7.1 (0.3) 8.5 (0.4)
Total larvae 300.9 (129.1)  142.7 (21.1) 168.5 (26.7) 272.9 (64.1)

Diversity 0.71 (0.03) 0.75 (0.02) 0.74 (0.02) 0.68 (0.03)

assemblage is far more tightly clustered and distinct than
the coastal and far-offshore groups.

Concentrations and Distributions

Annual Total mean larval concentration decreased
from 328 1000 m= in 2005 to 92 1000 m= in 2006, and
subsequently increased each year to a high of 337 1000
m=3 in 2009 (table 2). Larval E. mordax concentration
in 2005 was >50 times higher than 2006, and was sig-
nificantly higher than in subsequent years (2006—2009).
In contrast, peak concentrations of L. exilis in 2007 and
2009 were significantly higher than in 2005, while S. leu-
copsarus concentrations in 2007 and 2008 were signifi-

cantly higher than in 2004. Sebastes spp. and T crenularis
larvae exhibited no significant interannual concentra-
tion differences.

Monthly Seasonally, total larval concentrations were
highest in May—July, decreased significantly in August,
and declined further in September—October/November
(table 3). Larval L. exilis were found predominantly in
May—June, while S. leucopsarus concentrations peaked
in May and decreased steadily to October/November.
Larval E. mordax were found almost exclusively in June—
July, while Sebastes spp. larvae were also found in sig-
nificantly higher concentrations in June—July than in
August—October/November. There were no significant
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TABLE 5
Cross-shelf (coastal, offshore, far-offshore) mean concentrations (no. 1000 m=), diversity (H'),
and weighted (by concentration) mean lengths (mm) of fish larvae collected during this study off the
Oregon and Washington coasts in 2004-2009 (1 SE in parentheses). For between-zonal comparisons of each
taxon and larval diversity, different superscripts indicate significant differences (ANOVA p < 0.05).

Mean concentration

Mean length

Coastal Offshore Far-offshore Coastal Offshore Far-offshore
Engraulis mordax 24.0 (12.5)b 116.3 (45.5)* 65.3 (39.8) 9.9 (0.3) 8.5(0.2) 6.0 (0.4)
Lyopsetta exilis 4.7 (0.9) 6.2 (0.9) 6.6 (2.3) 9.1 (0.4) 8.4 (0.2) 10.6 (0.8)
Sebastes spp. 15.8 (3.9)® 103.6 (19.1)2 13.2 (4.1) 4.0 (0.05)b 4.9 (0.04)2 6.5 (0.5)
Stenobrachius leucopsarus 1.8 (0.6)> 61.0 (5.9) 134.6 (44.4) 7.1 (0.3) 7.7 (0.1) 6.7 (0.1)
Tarletonbeania crenularis 0.3 (0.2)¢ 9.5 (0.9)® 24.1 (6.3)* 7.7 (1.2) 8.4 (0.2) 6.5 (0.3)
Total larvae 53.1 (13.2)b 311.4 (52.5)2 285.7 (71.2)2
Diversity 0.82 (0.03)? 0.69 (0.01)® 0.68 (0.06)

TABLE 6
Monthly weighted (by concentration) mean lengths (mm) of fish larvae collected during this study off the
Oregon and Washington coasts in 2004-2009 (1 SE in parentheses). For between-month comparisons of each taxon,
different superscripts indicate significant differences (ANOVA p < 0.05).

May June July August September Oct/Nov
Engraulis mordax 2.2 (0)b 5.0 (0.1)® 12.4 (0.2) 15.3 (0.7) 16.3 (3.3) —
Lyopsetta exilis 7.7 (0.2)b 8.5 (0.3)° 14.2 (1.0 16.2 (1.8) 14.1 (4.5) -
Sebastes spp. 4.1 (0.1)« 42 (0) 5.0 (0.1)b 7.1 (0.2) 5.0 (0.3)° 4.6 (0.2)b<d
Stenobrachius leucopsarus 7.0 (0.1)d 6.6 (0.1)d 8.7 (0.1)¢ 10.9 (0.2)® 13.5 (0.6) 6.2 (2.1)d
Tarletonbeania crenularis 6.9 (0.5)® 6.4 (0.2)> 10.4 (0.5) 10.5 (0.5) 8.4 (0.5)® 6.3 (0.6)"
monthly differences in mean concentration for T crenu- Lengths

laris larvae. These seasonal patterns in larval concentra-
tions persisted within each sampled year.

Latitudinal Concentrations of Sebastes spp. and
L. exilis larvae were significantly greater along the
southernmost than northern transects, while concen-
trations of S. leucopsarus larvae were significantly higher
along the central than southernmost transects (table 4).
Concentrations of total larvae and E. mordax were high-
est along the northern- and southernmost transects,
while T crenularis larvae showed the opposite pattern.
However, despite these regional differences, the distri-
bution patterns of the three groups did not exhibit a
significant north to south concentration pattern. These
latitudinal patterns were also similar within most sam-
pled months and years.

Cross-shelf Concentrations of the five dominant
taxa and total larvae were higher in the offshore and
far-offshore regions than in the coastal region (table 5);
a pattern that persisted within each sampled month and
year. Larval E. mordax and Sebastes spp. concentrations
were significantly higher in the offshore than coastal
region, while S. leucopsarus and total larval concentrations
were significantly higher in both the offshore and far-
offshore regions than in the coastal region. Larval T cren-
ularis concentration increased steadily and significantly
from onshore to far-offshore direction; a similar sequen-
tial increase in L. exilis concentration was not significant.
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Weighted mean length differences of most taxa exam-
ined generally exhibited patterns opposite to their con-
centration differences across monthly, latitudinal, and
cross-shelf scales (1.e., largest sizes were in regions with
lowest concentrations; table 3—6), and generally within
months and years. However, both concentration and
length of Sebastes spp. larvae were significantly larger
offshore than in coastal waters and, on average, the larg-
est larvae occurred far-offshore.

Diversity

Larval diversity varied significantly between months
and cross-shelf regions, but not between years or latitudi-
nal transects (table 2-5). Diversity was generally inversely
proportional to larval concentration. It was highest in
September and lowest in June and July, and decreased
with distance from shore. These patterns were generally
consistent within months and years.

Multi-response Permutation Procedure (MRPP)
and Indicator Species Analysis (ISA)

The results of MRPP analyses revealed significant
between-group differences in larval concentrations
within each of the annual, monthly, latitudinal, and cross-
shelf factors (table 7). A-statistic values indicated that
taxonomic association was strongest for the monthly and
cross-shelf factors. Significant indicator taxa were also
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TABLE 7
Results of the multi-response permutation procedure (MRPP) and indicator species analysis (ISA) for annual (2004-2009),
monthly (May—October/November), latitudinal (north-south: Willapa Bay [WB], Columbia River [CR],
Newport Hydrographic [NH], and Heceta Head [HH] transects), and cross-shelf (coastal, offshore, far-offshore)
differences in composition of fish larvae collected during this study off the Oregon and Washington coasts.
Significant indicator taxa (p < 0.05) are listed with the factor category with which each taxon is associated in parentheses.
Full taxon names are listed in Table 1.

Factor MRPP A-statistic p-value Indicator taxa
Year 0.021 <0.001 Sebastes spp. (2004); Citharichthys spp. and E. mordax (2005); L. ochotensis, M. productus, and

P, crockeri (2006); G. zachirus (2008)
Month 0.076 <0.001 G. zachirus, 1. aenigmaticus, I isolepis, L. fucensis, L. ochotensis, L. exilis, M. productus, M. pacificus,

P evides, R. asprellus, R. meanyi, S. leucopsarus (May); N. regale (June); E. mordax and Sebastes spp. (July)
Latitude 0.014 <0.001 L. fucensis, Osmeridae, S. sagax (WB); P, crockeri (CR); L. exilis, P evides, and Sebastes spp. (HH)
Cross-shelf 0.049 <0.001 A. harringtoni and R. asprellus (coastal); Sebastes spp. (oftshore); B. pentacanthus, D. theta, 1. lockingtoni,

I aenigmaticus, L. ochotensis, M. productus, M. pacificus, N. regale, S. sagax, Scopelosaurus spp.,
Sebastolobus spp., S. leucopsarus, I crenularis, and T altivelis (far-offshore)

TABLE 8

Correlation coefficients for 15 variables collected during this study: station distance from shore (km, Dist. shore),

temperature ("C), salinity, density (sigma theta, kg m=), fluorescence (mg m>), turbidity (mg m), dissolved oxygen
concentration (DO, ml L-1), DO saturation (%), log.(n + 0.1)-transformed concentrations (no. 1000 m=) of Engraulis mordax,

Lyopsetta exilis, Sebastes spp., Stenobrachius leucopsarus, Tarletonbeania crenularis, and total larvae, and larval diversity (H').
Samples containing no larvae were excluded.Values for the environmental variables used in the analysis were taken
from different depths in the water column at each station corresponding to either near the surface or the weighted

mean depth for each taxon as reported in previous studies: environmental inter-variable comparisons: 1-m depth;

E. mordax: 10-m depth; Sebastes spp., total larvae, and larval diversity: 20-m depth; L. exilis and S. leucopsarus: 40-m depth;
T. crenularis: 50-m depth. Sample size (1) in parentheses. * = p < 0.01.

Dist. shore ~ Temperature Salinity Density Fluorescence Turbidity DO DO saturation

Temperature 0.24% (478) J0.12 (464)  -0.35% (445)  -0.40% (401)  -0.12 (386)  -0.46 (169)  —0.09 (169)
Salinity 0.18* (464) 0.97* (445)  -0.009 (401)  -0.34* (386)  -0.16* (169) -0.06 (169)
Density 0.11 (445) 0.08 (396) —0.29% (386)  —0.06 (169)  —0.04 (169)
Fluorescence —0.36* (401) 0.33* (386) 0.59% (169) 0.46* (169)
Turbidity —0.32% (386) 0.38% (169)  0.30% (169)
DO —0.21% (169) 0.91% (169)
DO Saturation —0.14 (169)

Engraulis mordax 0.10 (107)  —=0.25* (107) —0.23 (107)  —0.29* (100) —0.25 (100) —0.26 (37) —0.34 (37)
Lyopsetta exilis —0.16 (112)  -0.10 (101)  —0.03 (101)  —0.14 (98) 0.24 (98) 0.002 (48)  —0.003 (48)
Sebastes spp. 0.001 (295) —0.29* (283)  —0.16* (272) —0.17* (254) -0.03 (252) 0.25% (114) 0.24* (114)
Stenobrachius leucopsarus 0.28% (214)  —0.38* (202) —0.38* (199) 0.21* (194) 0.03 (194) 0.53* (91) 0.54* (91)
Tarletonbeania crenularis 0.04 (168) —0.19 (158) —0.17 (152) 0.19 (145) 0.04 (144) 0.35%* (66) 0.36%* (66)
Total larvae 0.17* (389)  —0.45* (374)  —0.36* (360) —-0.12 (338) —0.13 (336) 0.45% (151) 0.47* (151)
Diversity 0.02 (315) 0.22* (300) 0.10 (290) -0.02 (276) 0.03 (275)  —0.26* (127) —-0.22 (127)

identified for most years, months, transects, and cross-
shelf regions (table 1). Results from the ISA support
those from MRPP analyses, since far more significant
indicator taxa were found for the monthly and cross-
shelf factors than for annual and latitudinal factors.

Environmental Relationships

BIO-ENV A BIO-ENV analysis, which included
local environmental variables (i.e., latitude, station depth,
station distance from shore, temperature, salinity, density,
fluorescence, and turbidity), revealed that the combina-
tion of distance from shore and water temperature at
20-m depth explained the most variability (36%) in lar-
val fish concentrations in 2004—2009.The second BIO-
ENV analysis, done with the addition of DO and DO

saturation in 2008 and 2009, showed that the combina-
tion of distance from shore and DO saturation at 20-m
depth explained the most concentration variability (42%)
during those years.

Correlations Larval concentrations were generally
positively correlated with temperature and dissolved
oxygen and negatively correlated with salinity, density,
and fluorescence, while diversity generally followed the
opposite pattern (table 8). However, concentrations of
S. leucopsarus larvae were significantly positively corre-
lated with fluorescence, while those of E. mordax larvae
were negatively (although not significantly) correlated
with DO and DO saturation. Among the local environ-
mental variables, distance from shore was significantly
positively correlated with near-surface temperature and
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Figure 5. Correlation coefficients for the 0-, 1-,
2-, 3-, 4-, and 5-month lagged logg(n + 0.1)-trans-
formed concentrations (no. 1000 m-3) of five domi-
nant larval fish taxa and total larvae, and larval
diversity, in relation to eight monthly-averaged
environmental indices/variables analyzed in this
study: Multivariate El Nifio-Southern Oscillation
Index (MEI), Pacific Decadal Oscillation (PDO),
Northern Oscillation Index (NOI), sea-surface tem-
perature (SST, °C) recorded from the National Oce-
anic and Atmospheric Administration’s (NOAA)
Stonewall Banks buoy located 20 nm west of
Newport, Oregon (44.64°N, 124.50°W), and east-
ward Ekman transport (EET, kg m-1), northward
Ekman transport (NET, kg m-'), and Upwelling
Index (UPW) each for 45°N, 125°W, and Colum-
bia River outflow (COL, 1000 ft s-') measured at
Bonneville Dam located 235 km upriver from the
mouth of the Columbia River. * = p < 0.01.
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Figure 5. Correlation coefficients for the 0-, 1-,
2-, 3-, 4-, and 5-month lagged logg(n + 0.1)-trans-
formed concentrations (no. 1000 m-3) of five domi-
nant larval fish taxa and total larvae, and larval
diversity, in relation to eight monthly-averaged
environmental indices/variables analyzed in this
study: Multivariate El Nifio-Southern Oscillation
Index (MEI), Pacific Decadal Oscillation (PDO),
Northern Oscillation Index (NOI), sea-surface tem-
perature (SST, °C) recorded from the National Oce-
anic and Atmospheric Administration’s (NOAA)
Stonewall Banks buoy located 20 nm west of
Newport, Oregon (44.64°N, 124.50°W), and east-
ward Ekman transport (EET, kg m-1), northward
Ekman transport (NET, kg m-'), and Upwelling
Index (UPW) each for 45°N, 125°W, and Colum-
bia River outflow (COL, 1000 ft s-') measured at
Bonneville Dam located 235 km upriver from the
mouth of the Columbia River. * = p < 0.01.
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TABLE 9
Best-fit non-parametric multiplicative regression (NPMR) model statistics for the analysis of the log.(n + 0.1)-transformed
dominant larval fish taxa and total larval concentrations (no. 1000 m-3) and larval diversity (H') in relation to five in situ
environmental variables: temperature (Temp, °C), salinity (Sal), density (Den, sigma theta, kg m3), fluorescence (Fluor,
mg m3), and turbidity (Turb, mg m=3). Samples containing no larvae were excluded.Values for the environmental variables
used in the analysis were taken from different depths in the water column at each station corresponding to the weighted
mean depth for each taxon as reported in previous studies: Engraulis mordax: 10-m depth; Sebastes spp., total larvae, and
larval diversity: 20-m depth; Lyopsetta exilis and Stenobrachius leucopsarus: 40-m depth; Tarletonbeania crenularis: 50-m depth.

Taxon/Group Best-fit model variables Cross-validated R? p-value n

Engraulis mordax Sal, Temp, Fluor 0.18 0.003 100
Lyopsetta exilis Temp, Turb 0.17 0.003 98
Sebastes spp. Sal, Fluor 0.10 <0.001 252
Stenobrachius leucopsarus Den, Turb 0.23 <0.001 194
Tarletonbeania crenularis Sal 0.09 0.002 144
Total larvae Sal 0.22 <0.001 336
Diversity Sal, Temp 0.07 0.004 275

TABLE 10
Best-fit non-parametric multiplicative regression (NPMR) model statistics for the analysis of the monthly-averaged
log.(n + 0.1)-transformed dominant larval fish taxa and total larval concentrations (no. 1000 m-) and larval diversity
(H') in relation to eight larger-scale environmental variables: Multivariate El Nifio-Southern Oscillation Index (MEI),
Pacific Decadal Oscillation (PDO), Northern Oscillation Index (NOI), sea-surface temperature (SST, "C) recorded from
the National Oceanic and Atmospheric Administration’s (NOAA) Stonewall Banks buoy located 20 nm west of Newport,
Oregon (44.64°N, 124.50°W), and eastward Ekman transport (EET, kg m™), northward Ekman transport (NET, kg m-1), and
Upwelling Index (UPW) each for 45°N, 125°W, and Columbia River outflow (COL, 1000 ft s~!) measured at Bonneville Dam
located 235 km upriver from the mouth of the Columbia River. Months in which no larvae were collected were excluded.

Taxon/Group Time lag (months) Best-fit model variables Cross-validated R2? p-value n
Engraulis mordax 3 COL, SST 0.59 0.13 19
Lyopsetta exilis 2 COL,SST 0.65 0.09 20
Sebastes spp. 4 COL,EET 0.50 0.04 28
Stenobrachius leucopsarus 4 SST, NET 0.64 0.01 28
Tarletonbeania crenularis 4 NOI, UPW 0.20 0.39 28
Total larvae 4 COL,SST 0.67 0.005 28
Diversity 3 COL,NET 0.65 0.002 28

salinity, and negatively correlated with near-surface fluo-
rescence, turbidity, and DO. Descriptive statistics (mean,
SE, median, upper and lower 95% confidence intervals
[CIs], range [minimum-maximum values|, and sample
size [n]) for the seven local environmental variables for
each of the five dominant larval fish taxa and total lar-
vae (weighted based on concentration) collected during
this study are presented in the Appendix.

Lagged monthly-averaged larval concentrations were
generally positively correlated with the larger-scale envi-
ronmental variables NOI and EET and negatively cor-
related with MEI, PDO, SST, NET, and UPW, while
diversity generally followed the opposite pattern (fig. 5).
The distributions of the 0—5 month lagged correlation
coeflicients for most of the larger-scale environmental
variables were fairly normal in shape, with a mode at
~3 months for most of the dominant taxa, total lar-
vae, and larval diversity. However, 0-2 month lagged lar-
val concentrations were generally positively correlated
with COL, while those lagged 3—5 months followed the
opposite pattern. Larval T crenularis showed no correla-
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tion pattern or significance when compared to any of
the larger-scale environmental variables across all time
lags, and no significant correlations were found between
any of the 0—5 month lagged larval concentrations or
diversity and MEI or PDO.

Non-parametric multiplicative regressions (NPMR)
NPMR analyses revealed significant best-fit models for
the multiplicative effects of both local and larger-scale
environmental variables on larval concentrations and
diversity. Salinity was the single most important local
variable associated with concentrations of total lar-
vae and most of the dominant taxa as well as diver-
sity, often interacting multiplicatively with temperature
and/or fluorescence (table 9). COL and SST were the
most important larger-scale variables associated with 2—4
month lagged larval concentrations and diversity (table
10). However, NET was also one of two best-fit model
variables explaining 3 and 4 month lagged S. leucopsa-
rus concentrations and larval diversity, respectively, while
EET was one of two best-fit model variable explaining
4 month lagged Sebastes spp. concentrations.
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DISCUSSION

Taxonomic Composition

The overall composition of the NCC spring—fall
epipelagic larval fish community and dominant taxa
in 2004-2009 was similar to that reported in previ-
ous studies conducted here over the last 40 years (Wal-
dron 1972; Richardson 1973; Richardson and Pearcy
1977; Doyle 1992; Auth and Brodeur 2006; Auth 2009).
However, several anomalies were observed during this
study period. Larval Merluccius productus and Sardinops
sagax were collected in concentrations as high as 62 and
82 1000 m3, respectively, only during June/July 2005
and May 2006. These were periods corresponding to
unusual late upwelling (2005) and relatively high positive
PDO index values (2005 and 2006). M. productus gener-
ally spawn in southern California waters. Until recently,
their larvae have been rarely sampled in the study area,
and those encounters have exclusively been during El
Niflo events or periods corresponding to positive MEI
values (Phillips et al. 2007). S. sagax have been spawning
in the NCC region since the mid-1990s after an absence
of nearly 40 years (Emmett et al. 2005). In addition, lar-
vae of several (n = 16; table 1) taxa were collected during
months outside of their spawning seasons as previously
reported for this region (Matarese et al. 1989).

Concentrations, Distributions, and Assemblages
Annual The dramatic ichthyoplankton concentra-
tion decrease between 2005 and 2006 may have been
a delayed response resulting from the adverse effects on
spawning stocks of the anomalously late upwelling that
occurred in the NCC during the summer of 2005 (Bro-
deur et al. 2006; Barth et al. 2007). The impact appears to
have been especially evident in taxa that spawn farther
up in the water column (e.g., E. mordax), that were more
affected by the increased temperatures, north- and shore-
ward transport, and decreased productivity in the upper
water column resulting from the El Nifio-like conditions
than more deepwater species (e.g., L. exilis, S. leucopsarus,
T crenularis). In fact, the three species that were identi-
fied through ISA as indicative of 2006 (i.e., larvae of L.
ochotensis, M. productus, and P, crockeri; table 7) were all
deepwater and/or more southern spawning species. The
gradual increase in concentrations of E. mordax, Sebastes
spp., and total larvae between 2006 and 2009 could be
the result of the increasingly beneficial conditions sup-
porting reproductive effort following the deleterious
conditions resulting from the anomalous 2005 summer.
Seasonal The seasons of peak larval concentrations
for dominant taxa (May/June: L. exilis and S. leucopsarus;
June/July: E. mordax and Sebastes spp.), and lack of a peak
season for 1. crenularis, have previously been reported
(Richardson 1973; Brodeur et al. 1985; Doyle et al. 1993;

Auth and Brodeur 2006). The seasonal cycle of larval
diversity observed across all six years (i.e., highest levels
during the spring—summer and summer—fall transitional
periods) is similar to that reported by Auth and Bro-
deur (2006). The significant concentration reduction of
all dominant taxa and total larvae in August—November
compared to May—July, along with the lack of any sig-
nificant indicator taxa for the later period, suggests that
the late summer—fall season is not as important as the
spring—early summer season in characterizing the ichthy-
oplankton community in the NCC. In fact, Brodeur et
al. (2008) and Auth et al. (2011) both found significantly
higher concentrations of larvae in the nearshore region
(9—18 km along the NH line) during the winter/spring
(January—May) than summer/fall (June—-December) peri-
ods, most likely resulting from the same increase in food
availability during the spring that is characteristic of the
NCC ecosystem.

Latitudinal Although three of the dominant larval
taxa (i.e., L. exilis, Sebastes spp., and S. leucopsarus) had sig-
nificantly elevated concentrations along specific transects
during some cruises, these differences were not consis-
tently significant between months or years. The south-
ernmost (i.e., HH) transect was generally characterized
by highest concentrations of larval L. exilis and Sebastes
spp-, an observation supported by the results of the ISA
(table 7). Three of the five stations along this transect
extend across Heceta Bank ~55 km from shore, an area
that includes depths as shallow as 60 m rising from sur-
rounding depths of 100-1000 m, which forms a major
nursery area for juvenile L. exilis and Sebastes spp. (Pearcy
et al. 1989; Stein et al. 1992). In contrast, the NH line
just north of the HH transect appears to be more of a
transitional region between Heceta Bank and transects
to the north, as is evident by the lack of significant lati-
tudinal differences between the CR, NH, and HH tran-
sects for all larval concentrations (except S. leucopsarus)
and diversity. This is further supported by the lack of any
significant indicator taxa for the NH line.

Cross-shelf The cross-shelf distribution of fish lar-
vae, with consistently higher concentrations of all domi-
nant taxa and total larvae in the offshore and far-offshore
regions than nearshore, was similar to recent reports of
ichthyoplankton distributions in the NCC (Auth and
Brodeur 2006; Auth 2008; Auth 2009). However, larval
diversity exhibited the opposite pattern, being signifi-
cantly higher in the coastal than offshore region. Auth
and Brodeur (2006) reported little cross-shelf variation
in larval diversity along the NH line in 2000 and 2002,
with the exception of a spike of low diversity at a sin-
gle station 46 km from shore. Larval diversity may be
inversely related to zooplankton community structure.
Gomez-Gutiérrez et al. (2005) observed that diversity
in the euphausiid community was higher in more oft-
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shore than inshore stations off the central Oregon coast
in 1970-1972, as did Keister and Peterson (2003) for the
zooplankton community in the same area in 1998-2000.
Brodeur et al. (2008) found that ichthyoplankton diver-
sity was related to zooplankton biomass and the Pacific
Decadal Oscillation (PDO) index in a study conducted
from 1997-2005 oft the central Oregon coast. How-
ever, samples for that study were collected exclusively
at very nearshore (9 and 18 km from shore) stations
along the NH line, and were comprised of a different
ichthyoplankton community than the one sampled in
the current study. Larval diversity in this study largely
reflects the number of species that are spawned in a
given location and have pelagic larvae. Nearshore regions
have more diverse physical structure and therefore pro-
vide many more niches for coastal species. Except for
pelagic larval stages of benthic organisms, zooplankton
are holoplankton, experiencing their entire life as plank-
ton. Therefore, it is not surprising that zooplankton are
more diverse offshore, while ichthyoplankton are more
diverse nearshore. It should be noted that larval diver-
sity may be underrepresented due to the difficulty in
identifying some larvae to species based on meristics
and pigmentation patterns (e.g., Osmeridae, Sebastes spp.,
Sebastolobus spp., Citharichthys spp.) (Matarese et al. 1989).

Length Distributions

The inverse relationship between weighted mean
lengths and larval concentrations may be the result of
larval dispersal and growth. Larvae resulting from the
late spring/early summer spawning peak (e.g., E. mordax,
L. exilis, Sebastes spp., S. leucopsarus) should, in con-
junction with reduced spawning activity, demonstrate
increased mean length as the season progresses. As a con-
sequence, weighted mean length of species with a tem-
porally limited spawning season such as E. mordax will
progressively increase up to transformation when the
early-life stages are no longer planktonic. In contrast, for
taxa with more protracted spawning seasons (e.g., L. exi-
lis, Sebastes spp., S. leucopsarus, T crenularis), weighted mean
larval lengths will initially increase during the months
immediately after the spawning peak then decrease grad-
ually as the older individuals are replaced by fewer, newly
spawned larvae. In this respect, a late spring/early sum-
mer spawning peak for T. crenularis would explain the
significant increase in weighted mean length of larvae
from a low in June to a high in July/August back to a
low in Oct/Nov despite the lack of significant monthly
concentration differences (table 6).

The inverse relationship between cross-shelf lar-
val concentrations and weighted mean lengths could
result from cross-shelt dispersal during larval growth
and development for species with inshore spawning
areas. For larval Sebastes spp. however, both concentra-
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tion and weighted mean length were significantly higher
in the offshore than coastal region. The occurrence of
~45 different species of the Sebastes genus within the
NCC (Love et al. 2002), many with different life-history
parameters, may contribute to the pattern of variability
in cross-shelf concentration and weighted mean length

as described by Auth (2009).

Environmental Factors

Local  Salinity, temperature, DO saturation, and, to
a lesser degree, fluorescence, were the in situ environ-
mental variables with strongest linkage to the distribu-
tions and concentrations of the dominant taxa and total
larvae in this study. The generally positive relationships
between larvae and temperature and DO saturation, and
generally negative relationships with salinity and fluores-
cence, have previously been documented for the NCC
(Auth and Brodeur 2006; Auth et al. 2007; Auth 2008;
Auth 2009). However, concentrations of S. leucopsarus
and T crenularis larvae, the only two myctophids rep-
resented in the dominant taxa, were also the only taxa
positively correlated with fluorescence at 40- and 50-m
depth (their respective weighted mean depths), while
larval L. exilis, a pleuronectid, was negatively (although
not significantly) correlated with fluorescence at 40 m.
Fluorescence at these depths was on average only 13%
and 6%, respectively, of the maximum fluorescence levels
recorded at a given station. Although speculative at best,
this could be an early environmental cue to the onto-
genetic development of the myctophids’ bioluminescent
photophores in low light, low fluorescence environments
within the water column.

The eftfect of DO concentration and saturation on
the distribution, growth, and survival of larval fish is
well documented (Breitburg et al. 1999). Most larval
taxa are positively related to DO as found in the pres-
ent study. However, larval E. mordax were found to be
negatively, although not significantly, related to DO con-
centration and saturation. This is not surprising since E.
mordax larvae primarily inhabit the upper 10 m of the
water column where DO limitation is not an issue. The
significant negative correlation that was found between
larval diversity and DO concentration could reflect the
increased diversity that was found nearshore, where DO
levels may be reduced through organic decomposition
or other coastal processes.

Larger-scale The control that water temperature has
over the early-life processes of marine fishes is well doc-
umented (Houde 2008), as is the influence that the tim-
ing and intensity of Columbia River outflow (COL)
has on the ichthyoplankton community in the NCC
(Parnel et al. 2008). In the present study, COL mea-
sured at Bonneville Dam located 235 km upriver from
the mouth of the Columbia River and SST measured
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from a buoy located 20 nm off the central Oregon coast
were the most important larger-scale environmental fac-
tors affecting the spring—fall epipelagic ichthyoplankton
community in the NCC.The dominance of these factors
was fairly consistent for all dominant taxa, total larvae,
and larval diversity as shown through both correlation
and NPMR analyses (fig. 5, table 10). However, 1. crenu-
laris larvae were not significantly related to COL, SST,
or any other single, or combination of several, larger-
scale variables. This is not surprising since this species is
distributed farther down in the water column than the
other dominant taxa, and is thus less likely to be affected
by environmental changes to the surface layer. A partic-
ularly interesting finding from this study was that 0-2
month lagged larval concentrations (except for 1. crenu-
laris) were significantly positively correlated with COL,
while those lagged 3—-5 months were significantly nega-
tively correlated with COL.This could reflect the posi-
tive influence that increased COL—and the increased
SST and decreased salinity that accompany higher river
outflows—may have on larval survival and the negative
influence that COL may have on conditions necessary to
maintain healthy gonadal growth in the spawning stock
biomass during the months preceding spawning. This
is supported by the finding that larvae were generally
negatively correlated with in situ salinity and positively
correlated with in situ temperature, while negatively
correlated when lagged 2—4 behind SST.

Implications for Sampling, Management,
and Future Research

The similarity between the taxonomic composition
and distribution of the dominant taxa found in this inclu-
sive study to those found in previous studies with vary-
ing degrees of temporal and spatial definition suggests
that the ichthyoplankton community in the NCC can
be adequately described by the current sampling regime.
In fact, this study demonstrates that sampling could be
reduced to four seasonal collections (i.e., May, June—July,
August—September, September—November) and fewer
stations within each of three cross-shelf regions (i.e.,
coastal [<~50 km from shore], offshore [~50-100 km],
far-offshore [>~100 km)]), and still adequately describe
the spring—fall ichthyoplankton community in this area.
In addition, the finding that the ichthyoplankton varied
similarly in composition, distribution, length, commu-
nity structure, and relation to environmental variables
within years and seasons reflects the robust nature of the
larval community within the NCC region. This study
has demonstrated that this larval community is influ-
enced by, and can be indicative of, variable local and
larger-scale environmental conditions. In particular, fish-
eries managers may be able to use easily-available indi-
ces such as Columbia River outflow and SST measured

from a buoy located 20 nm oft the central Oregon coast
to help predict the spawning success of several dominant
taxa 2—4 months in advance. Also, fisheries researchers
and managers may be able to incorporate the annual,
seasonal, latitudinal, and cross-shelf larval distributions
and concentrations, along with the in situ environmen-
tal statistics, into fisheries models. Finally, this study will
provide a base of information in an attempt to relate the
environment and ichthyoplankton to the recruitment of
important forage and commercial stocks in the NCC
ecosystem 1in a forthcoming publication.
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APPENDIX
Descriptive statistics (mean, standard error [SE], median, upper and lower 95% confidence intervals [CIs], range
[minimum-maximum values], and sample size [n]) for seven environmental variables for each of the five dominant

larval fish taxa and total larvae (weighted based on concentration) collected during this study: temperature (°C), salinity,
density (sigma theta, kg m3), fluorescence (mg m-3), turbidity (mg m3), dissolved oxygen concentration (DO, ml L),

and DO saturation (%). Samples containing no larvae were excluded. Values for the environmental variables used in
the analysis were taken from different depths in the water column at each station corresponding to the weighted mean

depth for each taxon as reported in previous studies: E. mordax: 10-m depth; Sebastes spp. and total larvae: 20-m depth;

L. exilis and S. leucopsarus: 40-m depth; T. crenularis: 50-m depth.

Temperature Salinity Density Fluorescence Turbidity DO DO saturation
Engraulis mordax
Mean 15.0 31.4 23.2 0.24 0.40 5.6 94.9
SE 0.1 0.07 0.07 0.02 0.009 0.03 0.4
Median 14.8 31.6 23.4 0.15 0.38 5.5 95.6
Upper 95% CI 15.2 31.5 23.3 0.28 0.41 5.6 95.8
Lower 95% CI 14.8 31.2 23.0 0.20 0.38 5.5 94.1
Range 8.3-18.5 28.9-33.3 20.9-25.9 0.004-2.73 0.20-1.48 5.2-6.6 90.2-109.6
n 107 107 107 100 100 37 37
Lyopsetta exilis
Mean 8.8 32.7 25.3 0.25 0.37 5.0 74.6
SE 0.09 0.04 0.04 0.03 0.006 0.2 2.7
Median 8.7 32.5 25.2 0.16 0.36 5.5 82.2
Upper 95% CI 8.9 32.7 25.4 0.30 0.38 5.3 80.0
Lower 95% CI 8.6 32.6 25.3 0.20 0.36 4.6 69.2
Range 7.3-11.8 32.2-33.9 24.7-26.5 0-1.73 0.18-0.54 2.1-6.3 31.1-98.1
n 112 101 101 98 98 48 48
Sebastes spp.
Mean 11.0 32.1 24.5 0.47 0.42 6.0 94.3
SE 0.1 0.02 0.03 0.03 0.006 0.05 0.9
Median 10.9 32.3 24.6 0.46 0.42 5.9 94.2
Upper 95% CI 11.2 32.1 24.6 0.52 0.43 6.1 96.0
Lower 95% CI 10.8 32.0 24.2 0.42 0.41 5.9 92.6
Range 7.4-18.0 30.6-33.7 22.3-26.3 0.01-6.25 0.19-1.21 1.6-6.9 24.2-109.7
n 295 283 272 254 252 114 114
Stenobrachius leucopsarus
Mean 9.6 32.5 25.1 0.39 0.35 5.9 90.1
SE 0.07 0.008 0.01 0.02 0.005 0.04 0.7
Median 9.3 32.5 25.1 0.21 0.36 5.9 88.7
Upper 95% CI 9.7 32.5 25.1 0.44 0.36 6.0 91.5
Lower 95% CI 9.5 32.5 25.0 0.34 0.34 5.8 88.8
Range 7.3-11.8 32.2-33.6 24.6-26.1 0-1.91 0.19-0.61 3.5-6.6 52.1-101.7
n 214 202 199 194 194 91 91
Tarletonbeania crenularis
Mean 9.1 32.6 25.2 0.27 0.33 5.6 84.7
SE 0.07 0.02 0.02 0.03 0.006 0.08 1.2
Median 9.0 32.6 25.2 0.12 0.33 5.7 85.2
Upper 95% CI 9.3 32.6 25.3 0.33 0.35 5.8 87.2
Lower 95% CI 9.0 32.6 25.2 0.21 0.32 5.5 82.2
Range 7.3-12.9 32.3-33.8 24.4-26.4 0-2.19 0.18-0.59 1.6-6.4 23.5-96.6
n 168 158 152 145 144 66 66
Total larvae
Mean 11.7 32.1 24.3 0.52 0.42 6.0 96.6
SE 0.1 0.03 0.03 0.03 0.005 0.04 0.6
Median 10.8 32.3 24.7 0.46 0.42 5.8 93.5
Upper 95% CI 11.9 32.1 24.4 0.59 0.43 6.1 97.5
Lower 95% CI 11.5 32.0 24.3 0.45 0.40 6.0 95.2
Range 7.4-18.0 30.6-33.7 22.3-26.3 0-6.91 0.19-1.21 1.6-7.2 24.2-111.4
n 389 374 360 338 336 151 151
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ABSTRACT

The area off Punta Baja, Baja California, Mexico, is
an important coastal fishing ground. The nearshore fishes
were sampled on a seasonal basis over a period of three
years, from spring 2000 to winter 2003. Beam-trawl and
otter trawl were towed along 5 m and 10 m depth con-
tours; a gill net was placed between the 5-10 m depth.
Low temperatures were registered from 10.8 to 15.4°C
(mean = 13.5°C £ 0.2 SE). A total of 3,509 fish indi-
viduals were collected belonging to 62 fish species. The
most abundant and important fish species (ICI: index
of community importance composite) by the contribu-
tion of the three sampling gears was the white croaker
(Genyonemus lineatus). Separately, the most important spe-
cies varied with sampling gears, depths, years, and were
the bay pipefish (Syngnathus leptorhynchus), the walleye
surfperch (Hyperprosopon argenteum), the Pacific sanddab
(Citharichthys sordidus), and G. lineatus. Fish abundances
showed differences between seasons in all sampling gears
and depths. Positive correlations between fish abundances
collected with otter trawl (5 and 10 m depth) and tem-
perature were found. The fish community of the Punta
Baja area was characterized by species associated with
Macrocystis sp. beds, sandy bottom, and deeper species
like scorpaenids, all typical species from the Southern
California Bight. This data represents a baseline against
which any future development affecting local ecosystems
can be measured.

INTRODUCTION

Temperate waters vary more seasonally than tropical
waters. Upwellings along the coast of California and the
Pacific Northwest are areas often with extremely cool
surface waters (DeMartini and Sikkel 2006). These cold
water regions are produced by the effects of ocean circu-
lation and local wind patterns (Alvarez- Borrego 2004).

The coastal waters of Baja California are also charac-
terized by upwellings, often associated with rocky points.
These appear to be seasonally strongest in the southern
region (Punta Baja to Punta Eugenia) from March to
June (Bakun and Nelson 1977). Within these areas of
local upwelling, there exist disjunct distributions for cer-
tain marine forms, including fishes, which are character-
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istic of more northern, cool temperate waters (Hubbs
1948; Emerson 1956).

Many fish species are shared between the coastal
waters of California and Baja California. California’s
inshore fishes are separated into two faunal provinces:
the northern cool temperate (Oregonian) which extends
well into British Columbia to the north and terminates
near Point Conception to the south; and the San Diegan
warm temperate province to the south which extends
south to Bahia Magdalena, Baja California Sur, México
(Horn et al. 2006). Some of the latter species have their
principle spawning areas off Baja California and these
centers may serve as a source of eggs, larvae or YOY for
California waters (Moser et al. 1993). The larvae of near-
shore fish species may experience southward flow during
upwelling and northward flow during relaxation events
(Shanks and Eckert 2005). Presently, however, there is
little available information on the coastal fish assem-
blages between Bahia de San Quintin, Baja Califor-
nia and Bahia Magdalena, Baja California Sur, México
(Rosales-Casian 2004).

Punta Baja, located 390 km south of the U.S.-Mexico
border, and 61 km south of San Quintin, is an important
area within this little documented region. Punta Baja is a
rocky headland that protects Bahia El Rosario from the
wind-generated high waves. Strong upwelling is present
the entire year, and the cold upwelled water generated
by these winds is transported southwards into the inte-
rior of the bay (Amador-Buenrostro et al. 1995). Punta
Baja is a departure site for coastal commercial fishing on
the northwestern coast of Baja California, which ranks
second after San Quintin, and the fishery includes ocean
whitefish (Caulolatilus princeps), the California sheephead
(Semicossyphus pulcher), kelp bass (Paralabrax clathratus),
California halibut (Paralichthys californicus), and the rock-
fish species of the genus Sebastes (Rosales-Casian and
Gonzalez-Camacho 2003).

Upwelling regions with their burgeoning planktonic
resource base are sites of major fisheries worldwide. Bays
and lagoons are important fish habitats which often sup-
port spawning and nursery sites as well as abundant adult
populations (Allen et al. 2006). Commonly, there are
major fisheries associated with upwelling regions that
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Figure 1. Localization of the study site and sampling stations in the area of Punta Baja, Baja California, México.

thrive on abundant resources. The community structure
in these ecosystems is sensitive to climate variability and
change, whose fluctuations in fish numbers impact both
higher and lower trophic levels (Anderson and Lucas
2008). The area around Punta Baja today is an almost
pristine and underdeveloped coastal region, though the
threat of development in such a coastal site persists. The
purpose of this study was to prepare a baseline of the
area’s fish assemblage and its relationship to those of
adjacent and better understood sites to the north. Such
a baseline is important prior to possible development
or other environmental changes such as those related to
global warming.

METHODS

Study Area
Punta Baja, Baja California (29°57.28'N, 115°48.09'W/)
is situated at 390 km south of the Baja California

(México)-California (USA) border, accessed by 16 km of
dirt road southwest from the town of El Rosario (fig. 1).
Punta Baja is the north limit of Bahia El Rosario and
Punta San Antonio the south limit (24.5 km); toward the
middle of the bay is Agua Blanca fish camp (8 km south),
and other important sites are Isla San Jerénimo and the
Sacramento Reet at the south part of the bay (fig. 1).

Sampling Methods

The semiprotected area was sampled on a seasonal
basis from spring 2000 (April 1, 2000) to winter 2003
(March 7,2003). For the samplings,a 5 or 6 m boat with
outboard motor was used. The beam trawl and otter trawl
were used to capture small or slow moving fishes, and a
gill net was used to capture relatively bigger and faster
swimming fishes (Kramer 1990; R osales-Casian 2004).

A variable mesh monofilament gill net (30 X 2.5 m)
was placed close to a Macrocystis sp. bed (5—10 m depth)
at the beginning of sampling and recovered at the end,
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Figure 2. Temperature (C) means distribution in the area of Punta Baja, Baja California, México (2000-2003).

for a time of six hours (07:30-13:30 hr). Four repli-
cated 5 min tows with a 1.6 m beam trawl (horizon-
tal 1.6 m, vertical 0.343 m opening, and 3 mm mesh
size), and a 7.5 m otter trawl (10 m length with 19 mm
mesh in body and 5 mm in bag end) were made at a
speed of approximately 1.5 and 2.0 knots, respectively;
the sampling was carried out along the 5 and 10 m
depth contours, and parallel to shore. At each trawl, sea-
water temperature (°C) was measured at the surface and
near-bottom.

Fish Identification and Measurements

All collected fishes were identified, counted, mea-
sured (standard and total length) to nearest millimeter,
and weighed. Biomass was recorded to 0.1 g for fishes
weighing up to 150 g, and to £1.0 g for those with
greater weights. Identification of most species was based
on Miller and Lea (1972). Rays were identified, mea-
sured, weighed, and released alive in situ.

Data Analysis

The annual total abundance (all species combined),
total numbers per species, relative abundances, and fre-
quencies of occurrence were computed by depth, sam-
pling gear, and seasons. The gill net catch was grouped on
a three-month basis to configure with the four seasons.

The data of fish abundance collected with beam
trawl at 5 m depth, and with otter trawl at 5 and 10 m
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depths were not found to be distributed normally
(Kolmogorov-Smirnoff test; KS = 0.1849, 0.1427 and
0.1695, p = 0.100, 0.200, and 0.150, respectively). There-
fore, seasonal means of abundance were adjusted using
a log(x+1) transformation to ensure that values were
or approximated a normal distribution. To determine
changes in abundances with time, a one-way ANOVA
was performed on the log(x+1) transformed abundance
data. To measure the degree of association between tem-
perature (bottom and surface) and fish abundance, the
Spearman correlation was used (Zar 1984).

To estimate the community contribution of each
species, the Index of Community Importance (ICI)
was used (Stephens and Zerba 1981; Love et al. 1986;
Rosales-Casian 1997; Rosales-Casian 2004). The spe-
cies were ranked by percentage of abundance as well as
in percentage of frequency of occurrence, and the sum
of the two ranks were the respective value of ICI for
each species.

RESULTS

The overall mean of sea surface temperature at Bahia
El Rosario during 20002003 was 13.5°C (£ 0.2 SE:
standard error). At 5 m and 10 m depths the mean tem-
peratures were 13.1°C (* 0.2 SE), and 12.9°C (£ 0.1
SE), respectively. Low temperatures were present in all
spring seasons (fig. 2), the lowest (10.8°C) in spring 2000
and at all depths: surface (mean = 11.4°C + 0.0 SE),5 m
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TABLE 1
Composition of trawl catches ranked by numerical, relative
and cumulative abundances in the area of Punta Baja,
Baja California, México, from April 2000 to March 2004.

Fish species No % Rel % Cum
Genyonemus lineatus 658 18.75 18.75
Hyperprosopon argenteum 433 12.34 31.09
Engraulis mordax 301 8.58 39.67
Micrometrus minimus 250 7.12 46.79
Seriphus politus 247 7.04 53.83
Citharichthys sordidus 228 6.50 60.33
Syngnathus leptorhynchus 225 6.41 66.74
Embiotoca jacksoni 143 4.08 70.82
Citharichthys stigmaeus 128 3.65 74.47
Phanerodon_furcatus 125 3.56 78.03
Amphistichus argenteus 113 3.22 81.25
Gibbonsia elegans 90 2.56 83.81
Cymatogaster aggregata 78 2.22 86.04
Sardinops sagax 67 1.91 87.95
Aulorhynchus flavidus 56 1.60 89.54
Synodus lucioceps 54 1.54 91.08
Heterostichus rostratus 45 1.28 92.36
Syngnathus californiensis 39 1.11 93.47
Scomber japonicus 32 0.91 94.39
Atherinops californiensis 25 0.71 95.10
Umbrina roncador 23 0.66 95.75
Gibbonsia metzi 18 0.51 96.27
Paralichthys californicus 13 0.37 96.64
Rhacochilus toxotes 10 0.28 96.92
Oxyjulis californica 8 0.23 97.15
Rhacochilus vacca 8 0.23 97.38
Sebastes rastrelliger 7 0.20 97.58
Sebastes sp. 6 0.17 97.75
Sebastes auriculatus 6 0.17 97.92
Pleuronichthys guttulatus 6 0.17 98.09
Sebastes paucispinis 5 0.14 98.23
Scorpaenichthys marmoratus 5 0.14 98.38
Cheilotrema saturnum 5 0.14 98.52
Hexagrammos superciliosis 4 0.11 98.63
Platyrhinoidis triseriata 4 0.11 98.75
Pleuronichthys verticalis 3 0.09 98.83
Paralabrax nebulifer 3 0.09 98.92
Artedius lateralis 2 0.06 98.97
Amphistichus rhodoterus 2 0.06 99.03
Strongylura exilis 2 0.06 99.09
Amphistichus koelzi 2 0.06 99.15
Apodichthys flavidus 2 0.06 99.20
Brachyistius frenatus 2 0.06 99.26
Ulvicola sanctaerosae 2 0.06 99.32
Ophidion scrippsae 2 0.06 99.37
Xystreurys liolepis 2 0.06 99.43
Scorpaena guttata 2 0.06 99.49
Girella nigricans 2 0.06 99.54
Leuresthes tenuis 2 0.06 99.60
Gibbonsia montereyensis 2 0.06 99.66
Paralabrax maculatofasciatus 1 0.03 99.66
Odontopyxis trispinosa 1 0.03 99.72
Chirolophis nugator 1 0.03 99.74
Peprilus semillimus 1 0.03 99.77
Raja binoculata 1 0.03 99.80
Heterodontus francisci 1 0.03 99.83
Trachurus symmetricus 1 0.03 99.86
Menticirthus undulatus 1 0.03 99.89
Sebastes carnatus 1 0.03 99.91
Paralabrax clathratus 1 0.03 99.94
Leptocottus armatus 1 0.03 99.97
Atherinops affinis 1 0.03 100.00

Total 3509 100.0

depth (11.0°C £ 0.0 SE), and 10 m depth (10.9°C *
0.05 SE). High temperatures were present in fall 2000,
2001, and summer 2002 (fig. 2). The highest mean tem-
peratures were recorded during fall 2001 at all depths:
surface: 15.4°C (£ 0.03 SE), 5 m-depth: 15.3°C (+ 0.03
SE), and 10 m depth: 14.1°C (£ 0.0 SE) (fig. 2).

A total of 3,509 individuals were collected belong-
ing to 62 fish species (table 1). The most abundant spe-
cies were the white croaker, Genyonemus lineatus (18.8%),
the walleye surfperch, Hyperprosopon argenteum (12.3%),
the northern anchovy, Engraulis mordax (8.6%), the dwart
surfperch, Micrometrus minimus (7.1%), and the bay pipe-
fish, Syngnathus leptorhynchus (7%). Sixteen fish species
accounted for 91% of the total abundance, and the other
species contributed 1.3% per species or less (table 1).

At 5 m depth, a total of 458 fishes were collected
with beam-trawl tows, with an overall mean of 9.2 fish/
tow (£ 1.2 SE: standard error). The highest mean catch
was 21.8 fish/tow (+ 3.1 SE) during winter 2001, and
the lowest was 2.3 fish/tow (£ 0.8 SE) during spring
2002 (fig. 3). At 10 m depth, the total number of fish
collected was 531 individuals, and with an overall mean
abundance of 11.1 fish/tow (£ 1.9 SE); the highest mean
abundance (46.5 fish/tow + 3.9 SE) was seen in spring
2000, with the lowest of 2.8 fish/tow (£ 0.8 SE) in
spring 2002 (fig. 3). Significant differences in the mean
abundances between seasons at 5 m depth (ANOVA,
F = 3.775,p = 0.001), and 10 m depth (ANOVA, F =
13.684, p = 0.000) were found.

No correlations were found between the fish abun-
dance collected by beam-trawl tows at 5 m, with tem-
perature from surface, 5 m and 10 m bottom (R =
0.0645, 0.1677, 0.1579; p = 0.662, 0.254, and 0.283,
respectively). Fish abundance at 10 m depth was also
not correlated with temperature (Spearman R = —0.154,
—0.077,-0.161; p = 0.299,0.605 and 0.273, respectively).

With otter-trawl tows (5 m depth), the total catch
was 1,013 fishes with an overall mean catch of 21.1
fish/tow (+ 2.5 SE). The highest mean was present in
summer 2002 with 42.3 fish/tow (+ 17.1 SE), and the
lowest in spring 2002 (4.3 fish/tow, £ 0.5 SE) in June
(fig. 4). The total catch of the otter trawl at 10 m depth
was 820 fishes, with an overall mean catch of 16.3 fish/
tow (+ 2.2 SE); the highest mean catch was in winter
2002 (35.3 fish/tow, + 14.2 SE), and the lowest (2.8
fish/tow, + 0.5 SE) in summer 2000 (fig. 4). Signifi-
cant differences in the mean abundances at 5 m depth
between seasons (ANOVA, F = 4.200, p = 0.001), and
at 10 m depth (ANOVA, F = 4.726, p = 0.000) were
found.

Significant correlations of the otter trawl fish abun-
dances (5 m depth) with the surface temperature, 5 m
bottom and 10 m bottom temperatures (Spearman R =
0.492,p = 0.004; R = 0.530,p = 0.000; R = 0.536,p =
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Figure 3. Abundance means of beam-trawl tows (5 and 10 m depth) in the area of Punta Baja, Baja California, México.
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Figure 4. Abundance means of otter-trawl tows (5 and 10 m depth) in the area of Punta Baja, Baja California, México.
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Figure 5.  Abundance means of gill net catch in the area of Punta Baja, Baja California, México.

0.000, respectively) were found. At 10 m depth, the fish
abundances in otter trawls were also significantly corre-
lated with the surface temperature, and with 5 m depth
and 10 m depth temperatures (Spearman R = 0.414,
p = 0.003; R = 0.558,p = 0.000; R = 0.537,p = 0.000,
respectively).

An interannual (2000-2001, 2001-2002, and 2002—
2003) comparison of the abundances collected with
beam trawl at 5 m depth, and otter trawl at 5 m and
10 m depths were not significant (ANOVA, F = 1.146,
p = 0.326: F = 1.161,p = 322; F = 0.278, p = 0.758,
respectively); the three-year abundances for the beam
trawl at 5 m depth and the otter trawl (5 m and 10 m
depths) were grouped together. The interannual com-
parison of abundances detected differences in the beam
trawl abundances only at 10 m depth (ANOVA, F =
6.080, p = 0.004), and the Index of Community Impor-
tance (ICI) was determined separately by year.

The overall mean of the gill net catch was 57.3 fish/
net (£ 13.1 SE). The seasonal abundance of the gill net
catch showed that the lowest mean abundance was pres-
ent during spring (20 fish/net = 20.8 SE), followed by
the greatest increase in summer (112.3 fish/net £ 7.2
SE), and the number declined in fall and winter (fig. 5).
The analysis of variance detected significant differences
between the seasonal mean abundances (ANOVA, F =
172.086, p = 0.000).The fish abundance collected by gill

net was not correlated with temperatures from surface,
5 m bottom, or 10 m bottom (Spearman R = —0.1049,
—0.1049,-0.1156, p > 0.05, respectively).

A total of 458 individuals belonging to 24 fish spe-
cies were collected with beam-trawl tows at 5 m depth
(table 2). The most abundant species were the white
croaker (G. lineatus, 26.4 %), the bay pipefish (S. lepto-
rthynchus, 14.2 %), and the walleye surfperch (H. argen-
teum, 12.9 %). In frequency, the bay pipefish occurred
in 66.7 % of the tows, followed by the dwart surfperch
(M. minimus, 41.7 %), and the spotted kelpfish (Gibbonsia
elegans, 37.5 %). The order of most important fish species
by the ICI were the bay pipefish, the white croaker, the
dwarf surfperch, the walleye surfperch, and the spotted
kelpfish (table 2).

With respect to the otter-trawl tows at 5 m depth
during the complete study, the total number captured
was 1,013 fishes belonging to 37 species (table 3). The
walleye surfperch, H. argenteum, contributed the highest
abundance (17.5%), the northern anchovy, E. mordax in
second place with 10.4%, and the queenfish, S. politus in
third (9.4%).The fish species with the highest frequency
of occurrence was E. jacksoni that was present in 54.2%
of the samples, followed by S. leptorhynchus (52.1%), and
H. argenteum with 47.9% (table 3). The order in species
importance (ICI rank) was the walleye surfperch (H.
argenteum), the bay pipefish (S. leptorhynchus), the dwarf

173



ROSALES-CASIAN: PUNTA BAJA FISH SPECIES
CalCOFI Rep., Vol. 52, 2011

TABLE 2
Fish species composition and Index of Community Importance (ICI) by the beam-trawl tows (5 m depth)
in the area of Punta Baja, B.C., México (2000-2003).

Fish Species Number % Relative Rank 1 % FO Rank 2 ICI
Syngnathus leptorhynchus 65 14.2 2 66.7 1 3
Genyonemus lineatus 121 26.4 1 29.2 4.5 5.5
Micrometrus minimus 45 9.8 4 41.7 2 6
Hyperprosopon argenteum 59 12.9 3 29.2 4.5 7.5
Gibbonsia elegans 28 6.1 6 37.5 3 9
Citharichthys sordidus 25 5.5 7 27.1 6 13
Engraulis mordax 29 6.3 5 125 8.5 13.5
Heterostichus rostratus 9 2.0 10 14.6 7 17
Cymatogaster aggregata 15 3.3 9 12.5 8.5 17.5
Phanerodon furcatus 19 4.1 8 10.4 1 19
Embiotoca jacksoni 8 1.7 11.5 10.4 11 225
Citharichthys stigmaeus 8 1.7 11.5 8.3 13 24.5
Gibbonsia metzi 5 1.1 14 10.4 11 25
Seriphus politus 5 1.1 14 4.2 15 29
Syngnathus californiensis 5 1.1 14 4.2 15 29
Oxyjulis californica 3 0.7 16 4.2 15 31
Aulorhynchus flavidus 2 0.4 17 2.1 20 37
Pleuronichthys verticalis 1 0.2 20 2.1 20 40
Synodus lucioceps 1 0.2 20 2.1 20 40
Gibbonsia montereyensis 1 0.2 20 2.1 20 40
Artedius lateralis 1 0.2 20 2.1 20 40
Paralichthys californicus 1 0.2 20 2.1 20 40
Hexagrammos superciliosus 1 0.2 20 2.1 20 40
Sebastes rastrelliger 1 0.2 20 2.1 20 40
Total 458 100.0

surfperch (M. minimus), the black surfperch (E. jacksoni),
and the Pacific sanddab, C. sordidus (table 3).

The beam-trawl tows at 10 m depth during 2000—
2001 captured a total of 334 fishes belonging to 20 fish
species (table 4a). The most abundant species were the
white croaker (G. lineatus, 31.7%), the queenfish (Seri-
phus politus, 11.7%), and the Pacific sanddab (C. sordidus,
10.5%). The species with greatest occurrence were the
spotted kelptish (G. elegans) and the black perch, Embiot-
oca jacksoni (43.8%, both), and the white croaker and the
speckled sanddab, Citharichthys stigmaeus (37.5%, both).
The most important species (ICI rank) were G. linea-
tus, C. stigmaeus, C. sordidus, G. elegans, and H. argenteum
(table 4a).

In 2001-2002, the beam-trawl tows at 10 m depth
collected 92 individuals from 17 fish species (table 4b).
The most abundant fish species were S. leptorhynchus
(16.3%), Phanerodon furcatus (13.0%), and G. elegans
(12.0%), while the species with the highest frequency
of occurrence were S. leptorhynchus, M. minimus, and
C. sordidus (43.8%, each). The order for the five most
important fish species according to Index of Commu-
nity Importance (ICI) were the bay pipefish, the dwarf
surfperch, the Pacific sanddab, the spotted kelpfish, and
the white seaperch (table 4b).

In 2002-2003, the beam-trawl tows at 10 m depth
collected 105 individuals belonging to 17 fish species
(table 4c¢). The northern anchovy (E. mordax) was the
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most abundant (20.0%), followed by the white croaker,
G. lineatus (16.2%), and the bay pipefish, S. leptorhynchus
(11.4%). The species that occurred most frequently in
the samples were the Pacific sanddab, C. sordidus (43.8%),
the bay pipefish S. leptorhynchus (37.5%), and the dwarf’
surfperch, M. minimus (31.3%). The order of the most
important fish species (ICI rank) was C. sordidus, S. lepto-
rthynchus, E. mordax, G. lineatus, and M. minimus (table 4c).

At 10 m depth, the otter trawl collected a total num-
ber of 820 fishes belonging to 32 fish species, during
the three years (table 5). The most abundant fish species
were G. lineatus (14.9%), E. mordax, and S. politus that
contributed with 13.2 and 10.7%, respectively. The spe-
cies that occurred with highest frequency in the sam-
ples were G. lineatus (52.1%), C. sordidus (50%), and M.
minimus (41.7%). The most important fish species (ICI
rank) for the otter-trawl catch (10 m depth) were the
white croaker (G. lineatus), the Pacific sanddab (C. sor-
didus), the dwart surfperch (M. minimus), the speckled
sanddab (C. stigmaeus), and the northern anchovy (E.
mordax) (table 5).

The total gill net catch was 687 fishes belonging to 32
species, and eleven of those species accounted for 90%
of total abundance (table 6). The most abundant species
were G. lineatus (32.4%), H. argenteum (17%), the barred
surfperch, Amphistichus argenteus (13.7%), the Pacific sar-
dine, Sardinops sagax (4.8%), and the Pacific mackerel,
Scomber japonicus (4.7%).The fish species with greatest %
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TABLE 3
Fish species composition and Index of Community Importance (ICI) by otter-trawl tows (5 m depth)
in the area of Punta Baja, B.C., México (2000-2003).

Fish Species Number % Relative Rank 1 % FO Rank 2 ICI
Hyperprosopon argenteum 177 17.5 1 47.9 3 4
Syngnathus leptorhynchus 78 7.7 5.5 52.1 2 7.5
Micrometrus minimus 86 8.5 4 43.8 4.5 8.5
Embiotoca jacksoni 63 6.2 8 54.2 1 9
Citharichthys sordidus 64 6.3 7 43.8 4.5 11.5
Seriphus politus 95 9.4 3 33.3 8.5 11.5
Genyonemus lineatus 78 7.7 5.5 35.4 7 12.5
Engraulis mordax 105 10.4 2 20.8 12 14
Phanerodon furcatus 50 4.9 9 41.7 6 15
Gibbonsia elegans 24 2.4 11 27.1 10 21
Heterostichus rostratus 21 2.1 13.5 33.3 8.5 22
Cymatogaster aggregata 22 2.2 12 229 11 23
Aulorhynchus flavidus 43 4.2 10 12.5 15 25
Citharichthys stigmaeus 21 2.1 13.5 18.8 13 26.5
Amphistichus argenteus 9 0.9 15 12.5 15 30
Gibbonsia metzi 7 0.7 16 12,5 15 31
Syngnathus californiensis 14 1.4 15 10.4 17 32
Sebastes sp. 6 0.6 17 8.3 18.5 35.5
Sebastes rastreliger 5 0.5 18 8.3 18.5 36.5
Synodus lucioceps 4 0.4 21 6.3 21.5 425
Paralichthys californicus 4 0.4 21 6.3 21.5 42.5
Pleuronichthys guttulatus 4 0.4 21 6.3 21.5 425
Sebastes paucispinis 5 0.5 18 4.2 25.5 43.5
Scorpaenichthys marmoratus 3 0.3 23 6.3 21.5 44.5
Sardinops sagax 5 0.5 18 2.1 31.5 49.5
Oxyjulis californica 2 0.2 27.5 4.2 25.5 53
Amphistichus rhodoterus 2 0.2 27.5 4.2 25.5 53
Strongylura exilis 2 0.2 27.5 4.2 25.5 53
Amphistichus koelzi 2 0.2 27.5 2.1 31.5 59
Platyrhinoidis triseriata 2 0.2 27.5 2.1 31.5 59
Umbrina roncador 2 0.2 27.5 2.1 31.5 59
Apodichthys flavidus 2 0.2 27.5 2.1 31.5 59
Brachyistius frenatus 2 0.2 27.5 2.1 31.5 59
Ulvicola sanctaerosae 1 0.1 33.5 2.1 31.5 65
Sebastes auriculatus 1 0.1 335 2.1 31.5 65
Paralabrax maculatofasciatus 1 0.1 33.5 2.1 31.5 65
Artedius lateralis 1 0.1 335 2.1 31.5 65
Total 1,013 100.0

occurrence in samplings coincided with the most impor-
tant species (ICI): G. lineatus, A. argenteus, A. californiensis,
H. argenteum, and S. japonicus (table 6).

The ICI composite by the contribution of the three
sampling gears showed that the most important fish spe-
cies was the white croaker, G. lineatus (table 7), followed
by two species (S. japonicus and Atherinopsis californiensis)
that were present in the gill net only. In fourth and fifth
place were M. minimus and S. leptorhynchus that were rec-
ollected with beam trawl and otter trawl, and sixth place
was occupied by the walleye surfperch H. argenteum cap-
tured with three gears (table 7).

DISCUSSION

Low temperatures were registered at the study site
(10.8-15.4°C) of Punta Baja. Temperatures at Punta Baja
were lower than those measured at Punta Entrada off
Bahia de San Quintin which is characterized by upwell-
ing, and which showed an annual range of 11.2-18.6°C

(Rosales-Casian 1997).The presence of intense upwell-
ing was the result of the Punta Baja effect at the study
site, and this wind-induced upwelling is generated almost
the entire year, which likely causes cold water to be
transported southwards to the interior of Bahia El R osa-
rio (Amador-Buenrostro et al. 1995).

In the present study of Punta Baja, a total of 62 fish
species was identified. The site closest to Punta Baja
with published fish research is the Bay and Coast of
San Quintin (Rosales-Casian 2004). In the Coast of San
Quintin, a total of 71 fish species belonging to 33 fami-
lies was identified and showed 24.7 % higher fish abun-
dance (Rosales-Casian 1996; 2004) than Punta Baja. In
the present study, however, the beach seine gear was dis-
carded in Punta Baja because of high waves and rocks
on bottom at nearshore.

A total of 40 species were shared between the sites
of Punta Baja and the coast of San Quintin. Sixteen
fish species were recorded at Punta Baja but not at the
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TABLE 4
Fish species composition and Index of Community Importance (ICI) by the beam-trawl tows (10 m depth)
in the area of Punta Baja, B.C., México, during (a) 2000-01, (b) 2001-02, and (b) 2002-03.

a

Species 00-01 No. % Rel R 1 % FO R 2 ICI
G. lineatus 106 31.7 1 37.5 3.5 4.5
C. stigmaceus 20 6.0 5 37.5 3.5 8.5
C. sordidus 35 10.5 3 31.3 6 9
G. elegans 10 3.0 10 43.8 1.5 11.5
H. argenteum 21 6.3 4 25.0 8 12
M. minimus 19 5.7 6 31.3 6 12
E. jacksoni 9 2.7 11 43.8 1.5 12.5
S. leptorhynchus 17 5.1 7 31.3 6 13
S. politus 39 11.7 2 12.5 15.5 17.5
E. mordax 15 4.5 8 18.8 10.5 18.5
S. sagax 7 2.1 12 18.8 10.5 22.5
S. lucioceps 13 3.9 9 12.5 15.5 24.5
S. californiensis 4 1.2 14.5 18.8 10.5 25
A. flavidus 3 0.9 16.5 18.8 10.5 27
C. aggregata 5 1.5 13 12,5 15.5 28.5
P furcatus 4 1.2 14.5 12.5 15.5 30
H. superciliosus 3 0.9 16.5 12,5 15.5 32
H. rostratus 2 0.6 18 12.5 15.5 33.5
A. argenteus 1 0.3 19.5 6.3 19.5 39
P, guttulatus 1 0.3 19.5 6.3 19.5 39
Total 334 100.0

b

Species 01-02 No. %Rel R1 % FO R 2 ICI
S. leptorhynchus 15 16.3 1 43.8 2 3
M. minimus 10 10.9 4.5 43.8 2 6.5
C. sordidus 10 10.9 4.5 43.8 2 6.5
G. elegans 11 12.0 3 37.5 4 7
P, furcatus 12 13.0 2 18.8 7 9
H. rostratus 6 6.5 7 25.0 5 12
E. mordax 9 9.8 6 18.8 7 13
C. aggregata 3 3.3 9 18.8 7 16
G. lineatus 5 5.4 8 12.5 10 18
S. lucioceps 2 2.2 11 12.5 10 21
S. californiensis 2 2.2 1 12.5 10 21
G. metzi 2 2.2 11 6.3 14.5 25.5
H. argenteum 1 1.1 15 6.3 14.5 29.5
P triseriata 1 1.1 15 6.3 14.5 29.5
G. montereyensis 1 1.1 15 6.3 14.5 29.5
U. sanctaerosae 1 1.1 15 6.3 14.5 29.5
S. sagax 1 1.1 15 6.3 14.5 29.5
Total 92 100.0

c

Species 02-03 No. % Rel R 1 % FO R2 ICI
C. sordidus 11 10.5 4 43.8 1 5
S. leptorhynchus 12 11.4 3 37.5 2 5
E. mordax 21 20.0 1 25.0 5.5 6.5
G. lineatus 17 16.2 2 25.0 5.5 7.5
M. minimus 6 5.7 6 31.3 3 9
G. elegans 7 6.7 5 25.0 55 10.5
C. stigmaceus 5 4.8 7.5 25.0 5.5 13
C. aggregata 5 4.8 7.5 12.5 10 17.5
E. jacksoni 4 3.8 10 18.8 8 18
A. argenteus 4 3.8 10 12,5 10 20
P, furcatus 3 2.9 12 12.5 10 22
H. argenteum 4 3.8 10 6.3 15 24.5
S. sagax 2 1.9 13 6.3 15 27.5
S. lucioceps 1 1.0 15.5 6.3 15 30
O. trispinosa 1 1.0 15.5 6.3 15 30
C. nugator 1 1.0 15.5 6.3 15 30
A. flavidus 1 1.0 15.5 6.3 15 30
Total 105 100.0
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TABLE 5
Fish species composition and Index of Community Importance (ICI) by otter trawl tows (10 m depth)
in the area of Punta Baja, B.C., México (2000-2003).

Number % Rel Rank 1 % FO Rank 2 ICI
Genyonemus lineatus 122 14.9 1 52.1 1 2
Citharichthys sordidus 82 10.0 5 50.0 2 7
Micrometrus minimus 84 10.2 4 41.7 3 7
Citharichthys stigmaeus 67 8.2 6 35.4 4 10
Engraulis mordax 108 13.2 2 29.2 8 10
Seriphus politus 88 10.7 3 20.8 9.5 12.5
Hyperprosopon argenteum 54 6.6 7 31.3 6 13
Syngnathus leptorhynchus 38 4.6 8 31.3 6 14
Embiotoca jacksoni 34 4.1 9 31.3 6 15
Cymatogaster aggregata 28 3.4 10 20.8 9.5 19.5
Synodus lucioceps 15 1.8 11 14.6 12 23
Phanerodon furcatus 1 1.3 13 14.6 12 25
Gibbonsia elegans 9 1.1 14 14.6 12 26
Sardinops sagax 19 2.3 10 8.3 17.5 27.5
Heterostichus rostratus 7 0.9 15.5 12.5 14.5 30
Aulorhynchus flavidus 7 0.9 15.5 12.5 14.5 30
Amphistichus argenteus 5 0.6 17 8.3 17.5 34.5
Sebastes auriculatus 4 0.5 18.5 8.3 17.5 36
Gibbonsia metzi 4 0.5 18.5 8.3 17.5 36
Syngnathus californiensis 14 1.7 12 4.2 24.5 36.5
Paralichthys californicus 3 0.4 20.5 6.3 21 41.5
Oxyjulis californica 3 0.4 20.5 6.3 21 41.5
Ophidion scrippsae 2 0.2 23.5 6.3 21 445
Scorpaenichthys marmoratus 2 0.2 23.5 4.2 24.5 48
Xystreurys liolepis 2 0.2 235 4.2 24.5 48
Pleuronichthys verticalis 2 0.2 23.5 4.2 24.5 48
Sebastes rastrelliger 1 0.2 28.5 2.1 29.5 58
Peprilus simillimus 1 0.2 28.5 2.1 29.5 58
Raja binoculata 1 0.1 28.5 2.1 29.5 58
Pleuronichthys guttulatus 1 0.1 28.5 2.1 29.5 58
Paralabrax nebulifer 1 0.1 28.5 2.1 29.5 58
Scorpaena guttata 1 0.1 28.5 2.1 29.5 58
Total 820 100.0

San Quintin coast: M. minimus, G. elegans, G. metzi, G.
montereyensis, Aulorhynchus flavidus, Sebastes paucispinis,
Strongylura exilis, Ulvicola sanctaerosae, Artedius lateralis, Apo-
dichthys flavidus, Brachyistius frenatus, Ophidium scrippsae,
Leuresthes tenuis, Paralabrax maculatofasciatus, Raja binocu-
lata, and Chirolophis nugator. However 27 species found
at the Coast of San Quintin (Rosales-Casian 1997) were
not common with Punta Baja.

The fish community of Punta Baja was characterized
by species associated with small patches of Macrocystis sp.
beds, mainly, from the sandy bottom areas (G. lineatus, S.
politus, C. sordidus), and also deeper species like scorpae-
nids. The most abundant species belong to Embiotocidae,
Scorpaenidae, Sciaenidae, and Clinidae families (eleven,
five, four, and four species, respectively), accounting for
65% of total abundance.

In San Diego Bay, California (388 km north of Punta
Baja), a total of 78 fish species was identified (Allen et al.
2002), however 38% of the species registered at Punta
Baja were not present at San Diego Bay, and vice versa:
58% of the species registered at San Diego were not
common with Punta Baja. This variation can be due

to the environmental differences between the semipro-
tected area of Punta Baja and the coastal lagoon of San
Diego, and the long sampling period (1994-1999) in San
Diego Bay which preceded the current study period of
2000-2003. In a study at the marine reserve of Cabrillo
National Monument localized at the protected south-
western side of Point Loma at the mouth of San Diego
Bay (Craig and Pondella 2006), a total of 47 fish species
was identified, and shared 23 species with Punta Baja,
but the gill net was the only common sampling gear. In
another gill net study at Santa Catalina Island, 67 species
were registered, however there was a stronger represen-
tation of rocky-reef fishes with Heterodontus franciscanus
as the most abundant (Pondella and Allen 2000), while
at Punta Baja the first species was a sandy-bottom habi-
tant (G. lineatus), which at Santa Catalina Island was posi-
tioned at number 64.

The collection of two species at Punta Baja, the pen-
point gunnel (Apodichthys flavidus), and the mosshead
warbonnet (Chirolophis nugator), is interesting because
their southern distributions are established at Santa
Barbara Island and San Miguel Island, respectively, in
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TABLE 6
Fish species composition and Index of Community Importance (ICI) by the gill net (5-10 m depth)
in the area of Punta Baja, B.C., México (2000-2003).

Species Number % Rel Rank 1 % FO Rank 2 ICI
Genyonemus lineatus 209 30.42 1 66.67 1.5 25
Amphistichus argenteus 94 13.68 3 66.67 1.5 4.5
Hyperprosopon argenteum 117 17.03 2 41.67 5 7
Scomber japonicus 32 4.66 5 41.67 5 10
Atherinops californiensis 25 3.64 7.5 50.00 3 10.5
Phanerodon furcatus 26 3.78 6 33.33 7.5 13.5
Sardinops sagax 33 4.80 4 25.00 9.5 13.5
Seriphus politus 20 291 10 41.67 5 15
Embiotoca jacksoni 25 3.64 7.5 33.33 7.5 15
Synodus lucioceps 18 2.62 1 25.00 9.5 20.5
Umbrina roncador 21 3.06 9 16.67 13 22
Rhacochilus toxotes 10 1.46 13 16.67 13 26
Rhacochilus vacca 8 1.16 14 16.67 13 27
Citharichthys stigmaeus 7 1.02 15 16.67 13 28
Paralichthys californicus 5 0.73 16.5 16.67 13 29.5
Engraulis mordax 14 2.04 12 8.33 24 36
Cheilotrema saturnum 5 0.73 16.5 8.33 24 40.5
Girella nigricans 2 0.29 19 8.33 24 43
Paralabrax nebulifer 2 0.29 19 8.33 24 43
Leuresthes tenuis 2 0.29 19 8.33 24 43
Scorpaena guttata 1 0.15 26.5 8.33 24 50.5
Heterodontus francisci 1 0.15 26.5 8.33 24 50.5
Gibbonsia elegans 1 0.15 26.5 8.33 24 50.5
Platyrhinoidis triseriata 1 0.15 26.5 8.33 24 50.5
Tiachurus symmetricus 1 0.15 26.5 8.33 24 50.5
M. undulatus 1 0.15 26.5 8.33 24 50.5
S. carnatus 1 0.15 26.5 8.33 24 50.5
Citharichthys sordidus 1 0.15 26.5 8.33 24 50.5
Sebastes auriculatus 1 0.15 26.5 8.33 24 50.5
Paralabrax clathratus 1 0.15 26.5 8.33 24 50.5
Leptocottus armatus 1 0.15 26.5 8.33 24 50.5
Atherinops affinis 1 0.15 26.5 8.33 24 50.5
Total 687 100.0

Southern California (Love et al. 2005). The presence
of a continuous upwelling at Punta Baja may provide a
“cold oasis” for opportunistic northern species, whose
eggs are dispersed by different ways, and which use
these local disturbances for survival of later develop-
mental stages (DeMartini and Sikkel 2006). In an analysis
of the oceanographic conditions, nutrient and phyto-
plankton dynamics in the San Quintin area, it was found
that low salinity water parcels arrive to the area, and
it is suggested that they originate at the subarctic or
at the Columbia River, implicating a genetic flux by
spores, eggs, etc. (Alvarez-Borrego 2004). As evidence,
at El Socorro coast, a site between Punta Baja and Coast
of San Quintin, in December 2008 a green sturgeon
(Acipenser medirostris) was captured 200 km south of the
southern limit of known distribution (Bahia de Todos
Santos), and may it be using these water parcels dur-
ing La Nifla conditions (Rosales-Casian and Almeda-
Jauregui 2009).

The California halibut (Paralichthys californicus), an
important component in fish species assemblages in the
Southern California Bight (Kramer 1990), was ranked
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23rd (0.37% relative abundance) at Punta Baja. In the
Coast of San Quintin, influenced as well by upwelling,
the California halibut occupied the 9th place with also
a low relative abundance (2.7%) and that compared with
Bahia de Todos Santos (232 km north) where this flat-
fish contributed a greater relative abundance (13.0%)
and was ranked 2nd place (Rosales-Casian 1997). Juve-
nile California halibut appear to succeed better in bays
and estuaries and prefer a range of temperatures between
15-23°C (Innis 1990), the benefit being a faster growth
because of high food production and warm waters
(Kramer 1990), and therefore, the low temperatures reg-
istered at Punta Baja do not suggest it is a prime habitat
for this species.

The gill net overall mean abundance on a seasonal
basis at Punta Baja (CPUE 57.3 fish/net) was higher
than the 16.9 fish/net found at the Coast of San Quintin
(Rosales-Casian 1997) and the 27.5 fish/net found at
Cabrillo National Monument, San Diego, California
(Craig and Pondella 2006), but was lower than the mean
CPUE of 193.3 fish/net found at the Scripps Coastal
Reserve (Craig et al 2004). Sampling with a gill net is
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TABLE 7
Composite ICI for the fish species assemblage at Punta Baja, B.C., México (2000-2003).

ICI Otter trawl
Fish species composite Beam-trawl contributions Gill net Sum
Genyonemus lineatus 1 2 1 1 4
Scomber japonicus 1 4 4
Atherinopsis californiensis 3 5 5
Micrometrus minimus 4 3 4 7
Syngnathus leptorhynchus 5 1 6.5 7.5
Hyperprosopon argenteum 6 5 2.5 3 10.5
Hexagrammos superciliosus 7 20 20
Cymatogaster aggregata 8 11 11 22
Embiotoca jacksoni 9 9 5 8.5 22.5
Rhacochilus toxotes 10 23 23
Sebastes sp. 11 23.5 23.5
Scorpaenichthys marmoratus 11 23.5 23.5
Rhacochilus vacca 13 24 24
Phanerodon furcatus 14 10 9 6.5 25.5
Heterostichus rostratus 15 12 14 26
Gibbonsia montereyensis 16 27 27
Odontopyxis trispinosa 16 27 27
Chirolophis nugator 16 27 27
Sebastes paucispinis 16 27 27
Cheilotrema saturnum 20 28 28
Ophidion scrippsae 20 28 28
Seriphus politus 22 13 8 8.5 29.5
Syngnathus californiensis 22 14.5 15 29.5
Girella nigricans 24 30 30
Leuresthes tenuis 24 30 30
Aulorhynchus flavidus 24 18 12 30
Amphistichus rhodoterus 27 30.5 30.5
Strongylura exilis 27 30.5 30.5
Xystreurys liolepis 27 30.5 30.5
Gibbonsia metzi 30 16 18 34
Amphistichus koelzi 31 35 35
Apodichthys flavidus 31 35 35
Brachyistius frenatus 31 35 35
Heterodontus francisci 34 36.5 36.5
Trachurus symmetricus 34 36.5 36.5
Menticirrhus undulatus 34 36.5 36.5
Scbastes carnatus 34 36.5 36.5
Paralabrax clathratus 34 36.5 36.5
Leptocottus armatus 34 36.5 36.5
Atherinops affinis 34 36.5 36.5
Amphistichus argenteus 41 19 17 2 38
Engraulis mordax 42 7 6.5 27 40.5
Synodus lucioceps 42 14.5 16 10 40.5
Paralabrax maculatofasciatus 44 41 41
Peprilus simillimus 44 41 41
Raja binoculata 44 41 41
Sardinops sagax 47 17 19 6.5 425
Citharichthys stigmaeus 48 8 10 25 43
Citharichthys sordidus 48 4 2.5 36.5 43
Oxyjulis californica 50 21 235 44.5
Umbrina roncador 51 35 11 46
Sebastes rastrelliger 52 27 21 48
Pleuronichthys guttulatus 53 27 26 53
Gibbonsia elegans 54 6 13 36.5 55.5
Pleuronichthys verticalis 55 27 30.5 57.5
Sebastes auriculatus 56 23.5 36.5 60
Artedius lateralis 57 27 41 68
Ulvicola sanctaerosae 57 27 41 68
Paralabrax nebulifer 59 41 30 71
Paralichthys californicus 60 27 20 26 73
Scorpaena guttata 61 41 36.5 77.5
Platyrhinoidis triseriata 62 27 35 36.5 98.5
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an effective method of taking fish species in sites with
rocky and sandy bottoms, the otter trawl is most effec-
tive on sandy bottoms (Craig et al. 2004; Craig and Pon-
della 2006).

Comparison of the coastal fishes from Punta Baja
with northern sites in California is difficult because
of the differences in sampling methods. The fish spe-
cies richness registered at Punta Baja was similar to
the Scripps Coastal Reserve at La Jolla (San Diego,
California), where a total of 59 fish species was found
using otter-trawl tows and gill nets, but scuba surveys
and ichthyocide in tidepools were also used (Craig et
al. 2004).

Like many sites of coastal Baja California, Punta Baja
has been under pressure for development, which has now
mostly been suspended. Only at Bahia de Santa Rosa-
lillita, 210 km south of Punta Baja (the Nautical Stair-
way, Okolodkov et al. 2007) were facilities to launch
boats and two rocky stone jetties recently constructed
to receive boats from California and to move the vessels
overland to Bahfa de Los Angeles, another proposed site
for a large marina. Future development may still occur,
however.

The 62 fish species identified at the Punta Baja area
belong to a typical temperate community (Allen et al.
2006) of the Southern California Bight. The present
study constitutes a baseline reference for possible future
developments, and major anthropogenic impacts.
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ABSTRACT

The taxonomic structure of marine phytoplankton
communities was studied in nearshore, coastal and off-
shore environments of the Atlantic, Pacific and Indian
Ocean to search for common distributional patterns that
might suggest mechanisms controlling these. Contribu-
tions of different taxa to total phytoplankton pigment-
biomass (T'Chl a) were calculated from concentrations
of taxon-specific pigments. In most environments stud-
ied, variability of phytoplankton biomass was domi-
nated by diatoms or dinoflagellates, the bloom taxa.The
pigment biomass of non-bloom-forming taxa varied as
an asymptotic function of TChl a. Observed patterns
for any taxon were often strikingly similar in different
environments but differed significantly between taxa in
any one environment. Simple functions were used to
describe these patterns, which can be used to predict
phytoplankton community structure from TChl a. The
observed patterns are consistent with predictions derived
from a simple conceptual model that suggests that total
phytoplankton biomass is generally limited by the avail-
ability of a critical nutrient, i.e., by bottom-up forces,
but that the biomass of some taxa, particularly picoau-
totrophs, is controlled by grazers under mesotrophic to
eutrophic conditions, i.e., top-down forces. The distri-
bution of cyanobacteria suggests that their population
dynamics, unlike those of other taxa, is not tightly lined
to the dynamics of their grazers, likely because the lat-
ter are grazing concurrently on heterotrophic bacteria.

INTRODUCTION

The taxonomic structure of the phytoplankton com-
munity is an important determinant of ecosystem func-
tion with far-reaching implications for the cycling of
energy and matter in the marine environment. For
example, blooms of coccolithophorids or diatoms differ
significantly in their impacts on the export of inorganic
carbon or silica, respectively (Smetacek 1999; Tyrrell et
al. 1999). Similarly, differences in grazer communities
are expected to affect rates of carbon export (Michaels
and Silver 1988). However, our realization of the impor-
tance of phytoplankton or zooplankton community
structure in the marine environment is not comple-
mented by a good understanding of its controls (Ver-
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ity and Smetacek 1996). In the case of phytoplankton
communities our understanding is limited to a more
or less qualitative understanding (e.g., Margalet 1978).
Most models of phytoplankton communities attempt-
ing to elucidate the coexistence of multiple species of
algae in the same parcel of water are still at the level of
two to four taxa or functional groups (e.g., Anderies
and Beisner 2000; Litchman et al. 2006; Friedrichs et al.
2007), even though phytoplankton communities of the
open ocean are known to consist of tens to hundreds of
species (e.g.,Venrick 1982;Venrick 2002). On the other
hand, attempts to model the community using multiple
groups of phytoplankters (e.g., Bissett et al. 1999; Moore
et al. 2002) encounter the problem that the number of
parameters that must be parameterized increases approx-
imately with the square of the number of the model’s
taxa (Denman 2003). Clearly, we are far removed from
a solid, mechanistic understanding that would allow us
to understand and predict the taxonomic structure of
phytoplankton communities.

An alternative approach to the problem is to ask if
there are consistent patterns characterizing the distri-
bution and abundance of phytoplankton taxa, i.e., rules
that can be used to predict phytoplankton community
structure. Indeed, some rules have been known for a long
time. The seasonal succession of temperate phytoplank-
ton has often been described as progressing from diatoms
to flagellates, i.e., from non-motile to motile species
(Smayda 1980) or from sinkers to floaters (Macintyre
et al. 1997). Similarly, the variability of phytoplankton
biomass in the ocean has often been attributed to larger
autotrophs; picoautotrophs are viewed as ever-present,
contributing to the background biomass (Chisholm
1992; Li 2002). Goericke (2011) recently tested a set of
rules implied by Chisholm’s (1992) description of varia-
tions of phytoplankton size structure with total phyto-
plankton biomass and found that these did not hold in
the California Current system.

Very detailed studies can be carried out using micros-
copy; however, this wealth of information on species
distributions is rarely complemented by physiological
information on all these species. Chemotaxonomy, based
on compounds that are specific or even unique for dif-
ferent taxa of microalgae, can alternatively be used to
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determine the contributions of those taxa to total phy-
toplankton biomass. Compounds of choice are carot-
enoids and chlorophylls (Jeffrey et al. 1997). Some of
these groups and their associated pigments are diatoms
(fucoxanthin), dinoflagellates (peridinin), some groups of
oceanic prymnesiophytes (19'-hexanoyloxyfucoxanthin),
cryptophytes (alloxanthin), pelagophytes (19'-butanoy-
loxyfucoxanthin), chlorophytes (chlorophyll b, i.e., Chl
by, and neoxanthin), cyanobacteria (zeaxanthin), and Pro-
chlorococcus sp. (divinyl-chlorophyll g;1.e., Chl a,). Contri-
butions of different microalgal taxa to pigment biomass,
often expressed as total chlorophyll a (T'Chl 4, the sum
of chlorophyll 4,1.e., Chl a;, and Chl a,), can in principle
be determined from concentrations of these biomarkers
(Letelier et al. 1993; Mackey et al. 1996; Goericke and
Montoya 1998).

This pigment-based approach was applied to data
from the monsoonal Arabian Sea (Goericke 2002) to
determine contributions of different photoautotrophs to
phytoplankton pigment biomass (henceforth “biomass”
for brevity). While these distributions were only weakly
related to parameters such as temperature and inorganic
nutrients, coherent patterns were observed when the
biomass of different taxa was plotted against TChl a. Dia-
toms were the bloom species in this system, dominat-
ing phytoplankton biomass at high concentrations of
TChl a. An abundance threshold also existed for dia-
toms, i.¢e., these contributed negligibly to phytoplankton
biomass when TChl a was less than ~0.25 pg L-1. Abun-
dance thresholds were also observed for taxa not form-
ing blooms. Once TChl a increased above 1 to 2 pg L1
upper limits were observed for the biomass of most taxa,
ranging from 0.05 to 0.5 pg Chl L'.The one exception
to those patterns was Prochlorococcus, which contributed
significantly to total biomass at low levels of TChl a,
but whose biomass declined when TChl a reached high
values. These results suggest that, at least in the Arabian
Sea, phytoplankton community structure is a predictable
function of TChl a. Similar patterns were observed for
concentrations of taxon-specific pigments in the North
Atlantic and Mediterranean Sea (Claustre 1994).

The patterns observed in the Arabian Sea for differ-
ent microalgal taxa are very similar to those described by
Raimbault et al. (1988) for the contribution of different
size classes of autotrophs to total autotroph biomass in
the Mediterranean (see also Chisholm 1992). Thingstad
(1998) presented a simple conceptual model predicting
exactly such patterns. The essence of the model is nutri-
ent limitation of total phytoplankton biomass and grazer
control of the abundance of all groups, except those
forming blooms, once total biomass reaches a critical
level. Thus, distributional patterns observed in the Arabian
Sea provide empirical support for the model of Thingstad.
In order to test the generality of these patterns and the

conceptual model of Thingstad, variations of phytoplank-
ton taxon-specific biomass with TChl a were analyzed
in four other environments: a nearshore environment off
San Diego, U.S.A.; the coastal/offshore North Pacific oft
Southern California; the southern sector of the Indian
Ocean; and the Sargasso Sea off Bermuda. Distributional
patterns observed in these environments were very similar
to those of the Arabian Sea (Goericke 2002), suggesting
that phytoplankton community structure in the world’s
oceans varies predictably as a function of TChl a and that
community structure is controlled by a balance between
bottom-up forces, i.e., the availability of resources, and
top-down control, i.e., grazers.

METHODS

Sampling and Chromatography. Seawater was col-
lected at the pier of the Scripps Institution of Ocean-
ography (Scripps Pier) with Niskin bottles from the top
meter of the water column (bottom depth 4 to 7 m)
between August 1997 and July 2000 at least twice a
week. Samples (1L) were stored in amber bottles and fil-
tered in the laboratory within 3 hours onto a Whatman
GF/F filter (Goericke et al. 2000). The filters were stored
in liquid nitrogen until analysis on a C8-column based
high-pressure liquid-chromatography (HPLC) system
(Goericke et al. 2000). In the California Current sys-
tem (CalCOFI cruises during April and October 1995
and October 1996, Scripps Institution of Oceanography
1997) 2.2 to 4.4 L samples were collected from 2 to 3
depths within the mixed layer. The seawater was filtered
and processed as described above. Pigment data from
previously published studies were used as well: from the
Sargasso Sea (U.S. JGOFES BATS program off Bermuda
covering the years 1989 until 1998; data retrieved from
the U.S. JGOFS Web site), the temperate, subpolar and
polar Southern Indian Ocean between 40 and 60°S and
45 and 65°E (Francois et al. 1993), and the Arabian Sea
(U.S. JGOFS Arabian Sea program during the NE and
early SW monsoons, i.e., cruises TN43, 49, 54; Goer-
icke, 2002).

Nutrient Enrichment Experiments. During the
October 1996 CalCOFI cruise seawater was collected
before sunrise by CTD rosette from the mixed layer at
CalCOFI stations 93.40, 93.120, 90.53, 87.100, 83.55
and 80.90 and was filled into a carboy and distributed
into 2.8 L polycarbonate bottles that had been acid
washed and Milli-Q water rinsed. Enrichments were
made using 2 uM NH,CL, 2 pM NaNOj; and 0.4 M
K,HPO, as initial enrichments, and untreated samples as
a control. Treatments and controls were done in dupli-
cate. Bottles were incubated at 60% ambient light in a
Plexiglas incubator, cooled with surface-seawater. Sam-
ples for pigment analysis were taken every 24 hours for
3 to 4 days and stored as described above.
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Calculation of taxon-specific biomass. The pig-
ment biomass of different taxa was determined from
concentrations of taxon-specific pigments as previously
described (Goericke and Montoya 1998; Goericke
2002). For the optimization procedure pigment ratios
were only constrained to be larger than zero.The inde-
pendence of derived pigment ratios from initial condi-
tions was tested in each case by using different sets of
initial parameters. For the Scripps Pier and the Califor-
nia Current system contributions to TChl a by dino-
flagellates, diatoms, haptophytes, pelagophytes, “green”
algae (i.e., chlorophytes, prasinophytes, etc.), crypto-
phytes, Synechococcus and Prochlorococcus were calculated.
Contributions of Prochlorococcus, dinoflagellates and cryp-
tophytes were estimated directly from concentrations
of Chl a,, peridinin and alloxanthin, respectively. Con-
tributions of haptophytes, pelagophytes, diatoms and
Synechococcus were estimated, respectively, from concen-
trations of 19'-hexanoyloxyfucoxanthin, 19'-butanoy-
loxyfucoxanthin, fucoxanthin and zeaxanthin, corrected
for contribution by pelagophytes, haptophytes, hapto-
phytes and Prochlorococcus, respectively.

Contributions of “chlorophytes” and “prasinophytes”
were also determined by including prasinoxanthin in
the algorithm. However, prasinophytes did not contrib-
ute significantly to phytoplankton biomass in the Cali-
fornia Current system as evidenced by very low or zero
concentrations of prasinoxanthin. Off the Scripps Pier
different groups of “green’ algae were present and differ-
entiated as follows: The characteristic pigments of chlo-
rophyta are violaxanthin, neoxanthin and Chl b;; only
neoxanthin was used to estimate the contribution of
chlorophytes to pigment biomass. Prasinophycean bio-
mass was estimated from prasinoxanthin. Larger, tran-
sient contributions of euglenophyceae would be evident
from changes in the ratio of Chl b and neoxanthin. This
ratio however, did not vary systematically with the sea-
sons, nor did it display large transients (data not shown),
suggesting that euglenophyceae did not contribute sig-
nificantly to pigment biomass. Eustigmatophyceae (chro-
mophyta) are characterized by high concentrations of
violaxanthin relative to other accessory pigments. Thus
their presence can be gauged from high violaxanthin-
neoxanthin ratios (V:N-ratio). Indeed, the V:N-ratio
reached a value of 35 g g7! during September '97, sug-
gesting that eustigmatophyceae were present during this
time. The estimated abundance is shown in Figure 1C
(bold line). The eustigmatophycean violaxanthin-Chl a
ratio was estimated as 0.67 g g'. During the rest of the
time series the V:IN-ratio varied with the seasons; dur-
ing February and August average values were 1.7 and
3.4 g g1, respectively (data not shown). Statistical anal-
ysis and nonlinear curve fitting were carried out in MS
Excel.
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RESULTS

Scripps Pier.  Off the Scripps Pier total chlorophyll a
(TChl g, 1i.e. the sum of Chl a; and Chl a,) ranged from
0.4 to 11 pg L' with an average value of 2.2 pug L1 for
the study period, August 1997 to August 2000 (fig. 1A).
A strong seasonal pattern was not evident from monthly
averages of TChl a, except for elevated concentrations of
TChl a during the spring. Differences between months
were significant (ANOVA, df = 11, F = 8.5, P < 0.01)
and were driven by the months of March and April (data
not shown).

Concentrations of taxon-specific pigments indicate
that the phytoplankton community off the Scripps Pier
consisted primarily of dinoflagellates, diatoms, prymne-
siophyceae, “green” algae (predominantly prasinophyceae
in the case of this study), pelagophyceae, cryptophyceae,
eustigmatophyceae (only observed during September
1997), and the two cyanobacterial groups Synechococ-
cus and Prochlorococcus. Dramatic difterences in the abun-
dance of the different taxonomic groups are evident
(fig. 1 B-D). Dinoflagellates were responsible for the
major blooms; their pigment biomass ranged from less
than 0.01 pg Chl a L' to ~10 pg Chl a L' (fig. 1B).
The biomass of other groups either varied with the sea-
sons (e.g., chlorophyta, fig. 1C) or without distinct sea-
sonal pattern (e.g., prymnesiophytes, fig. 1D). TChl a
can also be partitioned into “larger autotrophs” (diatoms
and dinoflagellates; fig. 1E) and “picoautotrophs” (prym-
nesiophytes, pelagophytes, cryptophytes, chlorophyta,
eustigmatophyceae and cyanobacteria; fig. 1F). Temporal
variability of TChl a was dominated by the larger auto-
trophs; these were responsible for 81% of the observed
variability. The variability of picoautotroph abundance
was small compared to that of the larger autotrophs. The
pigment biomass of larger autotrophs differed signifi-
cantly between months (ANOVA, df = 11,F = 9.6,P <
0.01), with monthly averages differing by a factor of 5.
Blooms of larger autotrophs occurred primarily during
March—June and during November. Picoautotroph pig-
ment biomass also differed significantly between months
(ANOVA, df = 11, F = 6.3, P < 0.01); however, monthly
averages differed by only a factor of 2; results driven pri-
marily by low values during June.

It is evident from the time series (fig. 1) that phyto-
plankton community structure varied with TChl a. To
analyze this relationship in detail, the pigment biomass
of different taxonomic groups was plotted against TChl a
(fig. 2, see also Goericke 2002). Different types of pat-
terns emerged: Variations of dinoflagellate biomass with
TChl a were biphasic, as is evident from differences in
slopes of point-clusters between 0.4 to 1.6 and 1.6 to
4 ug-TChl a L-'. Dinoflagellates were the bloom taxon
in this system, accounting for most of the phytoplankton
biomass when TChl a was >2 pg L1 (fig. 2, left-hand
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Figure 1. TChl a (A) and pigment biomass (Chl a) of dinoflagellates (B), chlorophyta (C), prymnesiophyceae (D), diatoms & dinoflagellates (E) and picoautotrophs (F)
off the pier of the Scripps Institution of Oceanography (Scripps Pier). More pronounced dinoflagellate blooms or aggregations (TChl a > 100 pg L-") were observed
in 1995, 1996 and 2001. The bold line in panel C likely represents eustigmatophyceae.

panel). The contribution of diatoms to TChl a increased Chl a, peak with the more than 100 times smaller Chl
linearly with TChl a and saturated at values of 1 to a, peak. Overall, these data suggest that the biomass of
1.5 pg Chl a L' for TChl a of 4 to 10 pg L. The pig- the different groups of autotrophs, when plotted against
ment biomass of prymnesiophytes, pelagophytes, chloro- TChl g, follows distinct and predictable patterns. Anal-
phytes, and cryptophytes initially increased with TChl a yses carried out on one-year data batches yielded very
and eventually leveled off at higher TChl a, reaching similar results (data not shown), demonstrating that pat-
maximum values of 0.2 to 0.5 pg Chl a L' (fig. 2). terns were consistent from year to year.

The biomass of Synechococcus increased only slightly with To quantify these patterns, exponential functions were
TChl g, saturating at concentrations of 0.15 to 0.2 pg L1, fit to the data. The functions used (table 1) took the fol-
with possibly decreasing values when TChl a was larger lowing into account: 1. the potential presence of abun-
than 4 pg L. The biomass of Prochlorococcus appeared dance thresholds (i.e., negligible contributions to total
to decline with increasing TChl a; note, however, that phytoplankton biomass below certain values of TChl a),
measurements of Chl a, are unreliable when TChl a is 2. the asymptotic value reached when TChl a is large,
larger than 4 pg L' due to the interference of the large 3. the biphasic patterns for dinoflagellates and 4. decreas-
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Figure 2. The pigment biomass of different groups of autotrophs off the Scripps Pier plotted against TChl a. The abundance of dinoflagellates and diatoms was
plotted on entire TChl a scale (A, C) and on a reduced TChl a scale (B, D) to show variations of abundance at low TChl a. The dotted lines represent the 1:1 rela-
tionship. All data were subjected to 7-point smoothing to emphasize trends. Examples of unsmoothed data are shown in Figure 3 and 7.

ing pigment biomass for high values of TChl a in the
case of Synechococcus and Prochlorococcus. The equations
used are assumed to be descriptions of the data; no type
of mechanism is implied by the use of any of these func-
tions. These functions were fit to the raw data for the
Scripps Pier and other environments (see below). Exam-
ples of curve fits are shown in Figure 3.The percent vari-
ance explained by these regressions (table 1) was high in
most cases; up to 95% for some bloom taxa and on the
average 42% for the other groups, with values of up to
75%. However, variance explained by the regressions was
low for some groups, particularly Synechococcus; reflect-
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ing, for the most part, small variations of pigment bio-
mass with TChl a. The three-parameter fits for diatoms
and cryptophytes off the Scripps Pier suggest that abun-
dance thresholds exist for these taxa, which is confirmed
by data from other environments (see below). In the case
of dinoflagellates the “threshold” parameter can not be
interpreted as such due to the more complicated func-
tion used to describe biphasic abundance changes in the
0.4 to 2.0 pg L-' TChl a range. Asymptotic values of pig-
ment biomass for the different taxonomic groups differed
dramatically at the Scripps Pier, ranging from 0.8 pg Chl
L1 for diatoms to 0.06 pg-Chl L for Synechococcus.
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TABLE 1
Parameter estimates for fits of exponential equations to plots of taxon-specific biomass vs. TChl a for the five environments
studied. For Prochlorococcus the equation Biomass = B,,,, (1-EXP(-K; (T'Chl a - Threshold)))-K, (T'Chl a - Threshold)
EXP(-K; (TChl a - Threshold)?)) was used. For all other groups Biomass = B,,,, (1-EXP(-K; (T'Chl a - Threshold)))-K,
(1-EXP (-K; (TChl a - Threshold))) was used. When threshold values for 3-parameter fits were less than 25% of the lowest
value of TChl a4, the threshold value was forced to be zero, which is indicated by 0 values in the table. r? designates the
variance explained by the regressions. For 5-parameter fits values of “Threshold” are no longer interpretable as a threshold.

Scripps Pier (0.4 - 11.0 pg Chl a L)

dinoflagel. diatoms prymnesiop. pelagop. chlorop. cryptop. Synechoc. Prochloro.
Threshold —0.030 0.292 0 0.128 0 0.050 0.103
max 90.76 0.802 0.262 0.173 0.195 0.242 0.204 0.015
K, 0.017 0.455 1.585 0.286 0.673 0.337 1.257 8.380
K, 6.412 0 0 0 0 0.131 —0.090
Ky 0.257 0 0 0 0 0.008 5.037
2 (%) 86 28 10 36 36 9 6
California Current System (0.03 - 10.6 pg Chl a L-!)
dinoflagel. diatoms prymnesiop. pelagop. chlorop. cryptop. Synechoc. Prochloro.
Threshold 0.090 0.518 0.006 0.061 0.107 0.176 0 0.167
Bt 0.165 78.26 0.133 0.029 0.074 0.365 0.105 0.007
K 0.555 0.013 2.587 7.062 1.314 0.274 3.149 6.508
B 0 0 0 0 0 0.089 —0.324
K, 0 0 0 0 0 1.562 25.29
2 (%) 26 95 46 64 75 26 51
Southern Indian Ocean (0.02 - 1.44 pg Chl a L)
dinoflagel. diatoms prymnesiop. pelagop. chlorop. cryptop. cyanobac. Prochloro.
Threshold 0.041 0.027 0 0.015 0.063 0 n.d. 0
B 1.389 54.44 0.17 0.180 0.307 0.222 n.d. 1.302
K, 0.068 0.008 1.070 0.189 1.879 0.172 n.d. 7.408
B 0 0 0 0 0 n.d. 1.298
5 0 0 0 0 0 n.d. 6.140
2 (%) 73 69 66 84 — — —
Arabian Sea (0.14 - 1.88 pg Chl a L)
dinoflagel. diatoms prymnesiop. pelagop. chlorop. cryptop. Synechoc. Prochloro.
Threshold 0 0.296 0.025 0.071 0.084 0.187 0 0.010
B 0.034 54.07 0.368 0.048 0.104 0.622 0.034 1.289
K, 1.451 0.009 2.29 5.694 1.399 0.115 109 12.63
B, 0 0 0 0 0 0 1.286
K, 0 0 0 0 0 0 9.533
2 (%) 39 68 57 25 55 0 45
Sargasso Sea - (0.01 - 0.54 png Chl a L)
dinoflagel. diatoms prymnesiop. pelagop. chlorop. cryptop. cyanobac. Prochloro.
Threshold 0.026 0 0 0.016 0.146 n.d. 0 n.d.
naxt 0.004 0.016 2.288 0.659 0.066 n.d. 0.042 n.d.
" 144.4 5.121 0.255 0.456 1.444 n.d. 2.356 n.d.
2 (%) 54 29 96 62 — 19 —

California Current System. To test the generality
of these patterns, similar analyses were carried out on
pigment data from the mixed layer of the California
Current system at stations 5 to ~700 km oft the coast
of Southern California. Concentrations of TChl a usu-
ally declined from values of up to 10 pg L' in eutrophic
coastal regions to values of <0.1 pg L' in oligotro-
phic offshore regions. The biomass of diatoms, dino-
flagellates, cryptophytes and chlorophytes (fig. 4) was

negligible when TChl a fell below threshold values that
ranged from 0.1 to 0.5 pg L. No such thresholds were
observed for prymnesiophytes, pelagophytes, Synechococ-
cus and Prochlorococcus. Diatoms were the bloom taxon
in this system and dominated phytoplankton biomass
when TChl a was high (fig. 4). Dinoflagellate biomass
in the CCS reached maxium values of less than 1 pg
Chl a L-1. Chlorophyte and cryptophyte biomass (fig. 4)
reached maxium values of ~0.1 and 0.2 pg Chl a L1,
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Figure 5. Regressions of pigment biomass of different taxa against TChl a for the California Current system (A, B), the Arabian Sea (C), the Southern Indian Ocean
(D), and the Sargasso Sea (E). Taxa are diatoms (diat), Prochlorococcus (Pro), cryptophytes (cryp), dinoflagellates (dino), prymnesiophytes (prym), chlorophytes
(chlo), pelagophytes (pela), Synechococcus (Syn) and cyanobacteria (cyan, in case it was not possible to differentiate between Syn and Pro). Note the change of
scales of axes between Figure 5A and B. Equations and parameter values for these regressions are given in Table 1.

respectively, when TChl a reached values of 3-5 pg L.
The contributions of Synechococcus to TChl a increased
linearly with TChl a up to values of 0.3 pg L' and
decreased above this value (fig. 4).Variations of Prochloro-
coccus biomass with TChl a were very similar to variations
of” Synechococcus biomass (fig. 4). Nonlinear regressions
of taxon-pigment biomass against TChl a accounted for
a large fraction of the total variability for most groups
(fig. 5A, B; table 1). The predicted abundance of differ-
ent taxa as a function of TChl a is shown in Figure 5 A
and B for the California Current system, which illus-
trate changes of the phytoplankton community as TChl a
increases. The implication of the plots is that the changes
are driven by increasing nutrient loading or nutrient
content, sensu Thingstad (1998), of the system. However,
observed changes could also be due to geographical dif-
ferences within the study domain.

Envichment Experiments. To differentiate between
these two possible explanations of the field data, the
response of phytoplankton community structure to
nutrient enrichments was studied. In October 1996 six
experiments were performed in the California Current
system with water collected from the mixed layer in
regions with undetectable and detectable levels of macro-

nutrients. Moderate phytoplankton blooms were always
observed in incubation bottles enriched with ammo-
nium and nitrate, or in samples naturally enriched with
nutrients. No blooms were observed in low-nutrient
controls or in phosphate enrichments (data to be pre-
sented elsewhere). Blooms in incubation bottles were
dominated in all cases by diatoms; the biomass of other
groups of algae also increased in response to nutrient
enrichments but never as rapidly as observed for diatoms.
Diatoms did not contribute significantly to TChl a when
TChl a was less than 0.5 pg L1 (fig. 6). This threshold
value is similar to values observed in situ (cf. fig. 4). The
biomass of all other groups of algae reached maximum
values as TChl a increased, ranging from 0.03 pg Chl
a L' for dinoflagellates to 0.3 pg Chl L' for prymne-
siophytes. In most cases there was a good correspon-
dence, qualitatively, between variations of taxon-specific
pigment biomass with TChl a for experiments (discrete
symbols in fig. 6) and those observed in situ (lines in
fig. 6 derived from fits to data shown in fig. 4). The
exceptions were cyanobacteria, whose biomass did not
decrease as TChl a increased, unlike pattern observed in
situ (fig. 4).

Other Environments. To explore if biomass distribu-
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Figure 6. The pigment biomass of selected algal taxa plotted against TChl a for nutrient enrichment experiments performed in October 1996 in the California Cur-
rent system (open diamonds). All experimental time points, i.e., t=0 to t=72 hours, were plotted. Lines are regressions of in situ data from the same time period
(samples from the mixed layer collected during CalCOFI cruise 9610); i.e., these are not regressions derived from data points shown here. TChl a at time zero

ranged from 0.08 to 0.85 pg L.

tions in other environments are similar to those found
off Southern California, mixed-layer-pigment data sets
from the Southern Indian Ocean, the Sargasso Sea and
the monsoonal Arabian Sea were analyzed.The pigment
biomass of different taxa was determined for these envi-
ronments (for the Arabian Sea see fig. 8 of Goericke
2002) and data were regressed against TChl a (table 1).
The observed patterns were qualitatively similar among
the different environments, as illustrated in Figure 5 for
the complete data sets and in Figure 7 for prymnesio-
phytes and chlorophytes from different environments.
This similarity is also reflected in the parameter val-
ues derived from the regressions (table 1). For example,
asymptotic values of pelagophyte biomass (B,,,,) ranged
from about 0.05 to 0.2 pg Chl L, in those environ-
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ments where it could be estimated accurately; a very
narrow range considering that maximal values of TChl
a ranged from 0.5 to 10 pg L', Similarly, values of chlo-
rophyte abundance thresholds and B, (fig. 7) were 0.11
+ 0.03 and 0.15 £ 0.10 pg Chl L, respectively, in five
different environments. In some cases parameter values
differ dramatically between environments for any one
group. Examples are parameters describing diatom and
dinoflagellate distributions.

DISCUSSION

Describing Phytoplankton Community Structure. The
structure of the phytoplankton community was explored
using taxonomic units as defined by taxon-specific pig-
ments. The data presented here and physiological data
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Figure 7. Prymnesiophyte and chlorophyte pigment biomass plotted against TChl a for the Scripps Pier, the California Current system, the Southern Indian Ocean,
the monsoonal Arabian Sea (open ocean stations only) and the Sargasso Sea (BATS Station). Data were not smoothed.

presented by others (e.g., Claustre 1994; Latasa et al.
1997; Goericke 1998; Brown et al. 2002; Goericke
2002) demonstrate that these broad pigment-defined
taxonomic categories are functionally and ecologi-
cally distinct units. The abundance of these groups oft’
the Scripps Pier, in the California Current system, the
Arabian Sea, the Sargasso Sea and the Southern Indian
Ocean (Goericke 2002, this study) varied predictably as

a function of TChl a and varied coherently along tran-
sects more than 1000 km long. Distributional patterns
differed significantly among groups. In the Arabian Sea
growth rates of these groups, measured using the pig-
ment labeling method, varied predictably as a function of
a proxy for the availability of inorganic nitrogen and also
differed significantly among groups (Goericke 2002).
Indeed, these data show that categories delineated by
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taxon-specific pigments are one solution to the aggrega-
tion problem (O’neill et al. 1986) which has baffled phy-
toplankton ecologists for the last century;i.e., How can
a phytoplankton community be partitioned into func-
tionally relevant aggregates that are more amenable to
study than the 100s of species it consist of?

The interpretation of patterns observed in the field
is not straightforward since TChl a varied in many
environments as a function of latitude and/or distance
from shore and, associated with that, temperature. The
observed distributions could simply reflect the presence
of different phytoplankton communities in different
regions of the study domain or the advection of different
water masses with differing phytoplankton communities
into specific regions. However, an underlying assump-
tion of the approach is that observed changes within any
study domain are similar to changes that would occur
if an enrichment of the system occurred at that point.
The enrichment experiments that were performed in
the California Current system and the grow-out experi-
ments performed in the Arabian Sea (Goericke 2002) are
tests of this assumption. Indeed, changes of phytoplank-
ton community structure with TChl a observed over the
course of these experiments in the California Current
system (fig. 6) and the Arabian Sea (fig. 10 of Goericke
2002) were qualitatively and, for the most part, quan-
titatively very similar to observations in the field. Thus,
results from these experiments demonstrate that differ-
ences in phytoplankton community structure observed
over the whole study domain can also occur at any one
point of the study domain when an enrichment of the
system occurs.

What are the Patterns—Arve there Rules? The vari-
ability of autotroph biomass off the Scripps Pier was
primarily due to blooms of dinoflagellates and to some
extent diatoms, i.e., the larger autotrophs that contrib-
uted 81% to the variability of TChl a over time (fig. 1E).
Their contributions to TChl a ranged from 0.04 to 10 pg
L1, in strong contrast to the contributions of prymne-
siophytes, pelagophytes, chlorophytes, cryptophytes and
cyanobacteria, i.e., the “picoplankters” (fig. 1F), whose
contributions ranged from 0.2 to 1.8 pg Chl a L-!. Sea-
sonal variability oft the Scripps Pier is similarly domi-
nated by larger autotrophs; while seasonal variation of
picoautotroph biomass is small. A striking aspect of the
data from the Scripps Pier is the absence of any obvi-
ous correlation between the bloom periods of the larger
autotrophs and the abundance of picoautotrophs. Indeed,
the abundance of picoautotrophs is not significantly
related to the abundance of larger autotrophs for TChl a
> 1 pg L-1. These results do not imply that some pico-
autotrophs do not go through bloom periods. At times
Synechococcus biomass increased more than 5-fold over
average values; eustigmatophyceae (fig. 1C, Sept. 1997)
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are another good example. However, these blooms of
picoautotrophs were not large contributors to the vari-
ability of total biomass.

Results from the California Current system, the Ara-
bian Sea and the Southern Indian Ocean are strikingly
similar: The variability of phytoplankton biomass in
these oceanic regions was dominated by diatoms while
the biomass of all other groups saturated at specific levels,
often significantly lower than values of TChl a. Malone
(1971), Mullin (1998; 2000) and Anderson et al. (2008)
similarly noted that variations of pigment biomass in
the California Current were primarily driven by larger
size classes. Claustre (1994), based on the analysis of pig-
ment samples from the North Atlantic and the Medi-
terranean Sea, also found that the variability of pigment
biomass was dominated by diatoms and dinoflagellates.
These results support the rule that picoautotrophs are the
ever-present lawn of the ocean, on which the occasional,
large tree, the diatom or dinoflagellate bloom, is found
that supports orders of magnitude higher levels of auto-
troph biomass (Chisholm 1992; Li 2002; Goericke 2011).
This rule implies that the variability of autotroph bio-
mass in the ocean 1s dominated by larger autotrophs, dia-
toms in most cases. It is likely that this rule also applies
to other environments that are similar to the ones stud-
ied. But this rule is clearly not universally valid. For
example, blooms of the picoautotroph Chrysochromolina
sp. have been observed off the west coast of Sweden and
blooms of the prymnesiophytes Pheocystis pouchetii and
Emiliania huxleyi are known to occur in many regions
of the world’s ocean.These exceptions do not invalidate
the proposed rules, as rules are only persistent patterns
with possible or known exceptions; rules without pos-
sible exceptions are laws. The existence of such rules is
important for our understanding of the ocean, as their
existence implies that the mechanisms that control or
generate these patterns are the same, or at least similar,
in different environments.

Detailed size-fractionation experiments performed
in the Mediterranean Sea suggested that the amount of
TChl a in the <1, <3, and <10 pum size fractions have
upper bounds of 0.5, 1, and 2 pg L1, and that Chl a is
added to the system by first completing the “quotas” of
the smallest size class before filling the next one (Raim-
bault et al. 1988). Thus, contributions of different size
classes to TChl a are thought to display saturation pat-
terns with differing maximum contributions to TChl
a. Since specific phytoplankton taxa are often associ-
ated with distinct size classes (Chisholm 1992), simi-
lar saturation patterns were expected for plots of the
abundance of different taxa against TChl a, which was
indeed observed (fig. 2, 4 and Goericke 2002). Com-
mon to all environments studied so far is the presence
of a bloom taxon—dinoflagellates off the Scripps Pier
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and diatoms in the California Current system, the Ara-
bian Sea and the Southern Indian Ocean. The Arabian
Sea was unusual since blooms did not occur offshore in
spite of high growth rates and replete nutrients. How-
ever, diatom blooms were observed in incubation bottles
and close to the coast, suggesting that diatom abundance
oftshore was controlled by grazers, i.e., top-down forces
(Goericke 2002). The abundance of other taxa in all
these environments covaried with TChl a at low values,
but leveled off to constant values as TChl a increased to
values larger than 1 to 4 pg L='. The average maximum
biomass reached by some of the taxa, e.g., cryptophytes,
pelagophytes, and chlorophytes, was surprisingly similar
in most environments (table 1). Similarly, some of the
taxa consistently had abundance thresholds, which also
were similar in the different environments; examples are
chlorophytes and cryptophytes (table 1).

Whereas distributions of eukaryotes were, for the
most part, characterized by simple saturating functions
with or without abundance thresholds, variations of Syn-
echococcus, and in particular Prochlorococcus biomass with
TChl a were characterized by initial increases, maximum
biomass at low levels of TChl 4, followed by decreases
as TChl a reached high values. In the Arabian Sea this
decrease was only in part related to temperature, since a
similar decrease was observed during grow-out experi-
ments at constant temperature (Goericke 2002). High
levels of TChl a in the California Current system were
also related to low temperatures, likely accounting for
some of the observed decrease of Prochlorococcus bio-
mass. However, such a decrease, albeit not as strong, was
observed as TChl a increased during nutrient enrich-
ment experiments, suggesting that it is also driven by
community processes. The decrease of Synechococcus bio-
mass for high values of TChl a was less pronounced, but
still evident, off the Scripps Pier and in the California
Current system. Claustre (1994) observed similar pat-
terns for pigments likely derived from cyanobacteria in
the North Atlantic and the Mediterranean.

DPredicting the Patterns. Time series of taxon-
specific pigment biomass (e.g., fig. 1) reflect the short-
term variability of phytoplankton biomass, which is
likely driven by varying rates of nutrient-autotroph and
autotroph-heterotroph interactions. Understanding such
patterns is possible in principle; however, making pre-
dictions of these over large spatial or temporal scales is
virtually impossible. The problem is quite similar to that
faced by meteorologists: Weather can only be predicted
over short temporal scales. However, climate, which is
weather expected on the average, can accurately be spec-
ified for particular times of the year or for specific con-
ditions, such as an El Nifo, as long as historical weather
records are available. The approach proposed here is quite
similar: It is suggested that relationships between taxon-

specific biomass and TChl a are used to predict the com-
position of the community for any value of TChl a. Or
rephrased, it is proposed that such relationships be used
to characterize the “ecological climate”, realizing that
such relationships can not be used to predict the “eco-
logical weather”.

The quantitative relationships derived here (e.g., fig. 6)
will allow us more accurate descriptions, predictions and
explanations. For example, studies off Bermuda noted
that spring phytoplankton blooms were not dominated
by diatoms (Goericke 1998; Steinberg et al. 2001), even
though this was the case during the late 1950s (Hul-
burt et al. 1960; Menzel and Ryther 1960). This could
be interpreted as a change of the phytoplankton com-
munity over the last few decades. However, when dia-
tom blooms were observed during the late 1950s, surface
layer Chl a was at least 1 pg L71; recently only values of
up to 0.5 pg Chl a L' were observed (Goericke 1998;
Steinberg et al. 2001). A comparison of the Sargasso Sea
biomass plot (fig. 5E) with those from other regions (e.g.,
fig. 5A) suggests that values of TChl a in the Sargasso Sea
never reached likely threshold levels for diatoms (~0.5 pg
Chl a L) to contribute significantly to TChl a. Obser-
vations made in eddies oftf Bermuda (Ewart et al. 2008)
and in other oligotrophic environments (Brown et al.
2002) corroborate this interpretation.

Some of the observed distributions of non-bloom
taxa are strongly related to TChl a; regressions of
pigment biomass for some taxa against TChl a explain
up to 70% of the variance in the data sets. It is straight-
forward using these relationships to predict the abun-
dance of those groups of autotrophs to TChl a with a
high degree of confidence. Variance explained by the
regressions is very low for other taxa though, particularly
Synechococcus. This result, however, does not imply that
the biomass of these groups cannot be predicted; it only
implies that the abundance of these groups is relatively
invariant in these environments. Powerful predictions can
still be derived from such relationships, as is the case for
the monsoonal Arabian Sea were the expected pigment
biomass of Synechococcus is 0.04 pg Chl L with a stan-
dard error of 0.02 pg Chl L' for TChl a ranging from
0.1 to 1.8 pg L.

The data presented here constitute a very simple
means to predict phytoplankton community structure
from TChl a. The relationships between taxon-specific
biomass and TChl a can be described using functions
with 2 to 5 free parameters. Considering that TChl a
can be remotely sensed, or is a standard product of cou-
pled biological-physical models, such relationships may be
the simplest means to incorporate phytoplankton com-
munity structure into biophysical models that cannot be
burdened with detailed descriptions of the interactions
between different taxa of autotrophs and different classes
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tent for the system shown in C.

of grazers. Clearly, such models would not contribute
to our understanding of the controls of phytoplankton
community structure, but these models could contrib-
ute to our understanding of the effects of phytoplank-
ton community structure on carbon cycling. Critical to
such approaches to modeling is a good understanding of
the limitations of such data sets. For example, the differ-
ent distributions observed off Southern California in the
nearshore and the California Current system suggest that
nearshore communities differ fundamentally from coastal
oceanic communities (see also Goericke 2002). Clearly, it
is necessary to characterize nearshore, coastal and oceanic
phytoplankton communities in greater detail. A second
example is distributions for cyanobacteria that suggest
that temperature may exert important secondary effects
on phytoplankton community structure. Taking this into
account might allow us to better describe and predict of
variations of phytoplankton community structure in the
ocean. Unfortunately, the data in hand do not allow us
to do this since temperature and phytoplankton biomass
are too strongly related (data not shown).

What are the Mechanisms? Marine pelagic commu-
nities are likely never at steady state, due to continuously
varying physical forcing. Thus it is practically impossible
to predict the state of the community accurately at any
point of time or space. Instead one can attempt to under-
stand and predict the average state of pelagic commu-
nities. Plotting the abundance of different taxa against
TChl a and calculating the average distributions (fig. 5)
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conveys such an average state of the system. A concep-
tual model that allows us to understand the average state
of pelagic communities has been proposed by Thingstad
(1998). Thingstad’s models are centered on the control
that the “nutrient content” of the photic zone exerts on
the size structure of the phytoplankton community. In
this context “nutrient” refers to that element that lim-
its total biomass in the system, or at least the biomass of
most compartments of the system. The nutrient con-
tent (Np) of the system is the sum of the concentra-
tions of this element in all compartments of the system.
Increasing the flux of this ¢ritical nutrient into the pho-
tic zone is expected to increase total standing stock of
the organisms.

For this study, TChl a is used as an index of phyto-
plankton biomass. Relationships between TChl a and
phytoplankton biomass are variable but predictable
(Geider et al. 1996; Goericke and Montoya 1998). Phy-
toplankton biomass can be assumed to covary roughly
within any one environment with the biomass of other
trophic levels (Sheldon et al. 1977; Sprules and Munawar
1986).Thus, it is possible to view TChl a in this context
as a proxy for Ny and to interpret varying TChl 4, at least
on the average, as varying fluxes of the critical nutrient
into the system. Even though it can and should not be
assumed that the relationship between TChl a and N 1s
linear, it is quite likely that the relationship between the
two parameters is governed by a monotonically increas-
ing function.
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Thingstad’s conceptual model (1998) predicts bio-
mass variations of different size classes of autotrophs
with increasing N that are strikingly similar to bio-
mass variations of different taxa with TChl a (cf. fig. 5).
Thingstad assumes that the system is at steady state and
discusses changes of the community as N increases.
Thus, the focus of Thingstad’s analysis is not the tran-
sients that result when fluxes of a nutrient into a sys-
tem are increased; rather it is how the steady state of an
ideal system changes as a function of Ny. When N is
zero, organisms, by definition, do not exist. When N
increases, the first organism capable of growing must be
that autotroph (A1) that has the highest affinity for the
critical nutrient (N). This will be the smallest autotroph
capable of living in the system (fig. 8A, B). Data pre-
sented here and those discussed by others (e.g., Campbell
et al. 1994) support this prediction since Prochlorococ-
cus, the smallest known photoautotroph (Chisholm
et al. 1992), dominates phytoplankton abundance when
TChl a is extremely low (fig. 5). Further increasing Ny
increases the biomass of the autotroph Al.

The presence of Al opens a niche for a grazer (G1)
capable of feeding on Al. As Ny increases the biomass
of Al and G1 will increase as well. Thingstad postulated
that the dynamics of the predator-prey pair will increas-
ingly be decoupled from the availability of N;i.e., even-
tually reaching a stable equilibrium or exhibiting stable
limit cycles (e.g., May 1981). At this point the biomass of
Al and G1 will be independent of N and will remain
constant, at least when averaged over appropriate time
periods. Thus, the predicted dependence of A1 on N
is linear for low values of N, but eventually levels oft
and reaches a constant value at high values of N;. The
predicted patterns (fig. 8B) are similar to variations of
observed taxon-specific biomass with TChl a (fig. 5).
A corollary of the conceptual model is that autotroph
division rates will be maximal, i.e. unconstrained by the
availability of inorganic nutrients, once the biomass no
longer increases with N This implies that plots of bio-
mass variations (e.g., fig. 2) could be used to determine
when groups of autotrophs are expected to grow at rates
close to their physiological maxima; a hypothesis that
still has to be tested.

As the biomass of A1 and G1 becomes increasingly
independent of N, further increases of Nt opens a
niche for a second, larger autotroph (A2).The abundance
of A2, when plotted against N, will display a threshold
similar to those observed for chlorophytes, cryptophytes
and diatoms in the California Current system (fig. 4).
The increase of A2 opens a niche for a second grazer G2.
As Ny further increases the biomass of A2 and G2, they
will reach constant levels when their rates of growth
and loss are, on the average, balanced. Further increases
of Nt will open a niche for a third, yet larger, autotroph

A3, etc. The predicted variations of A1,A2 and A3 abun-
dance with N (fig. 8B) are very similar to field data pre-
sented above (fig. 5). The progressive waves of autotrophs
and grazers will come to an end once a mismatch arises
between the response time scales of the autotrophs to
increasing levels of nutrients and the response time scales
of the grazers to increasing biomass of larger autotrophs
(e.g., Franks 2001). This state is usually reached once the
grazers are crustaceans. Whereas maximum growth rates
of protozoa overlap those of their prey (e.g., Fenchel and
Finlay 1983), maximum growth rates of crustacean graz-
ers are roughly one order of magnitude less than that
of their prey (Banse 1982). Thus, blooms of large auto-
trophs are expected once a mismatch has been estab-
lished between the response time scales of the prey and
predator.

The characteristic feature of the model is, as noted
by Thingstad (1998), that strong top-down forces limit
the biomass of smaller autotrophs and open up niches
for larger autotrophs. Even though total phytoplankton
biomass may be limited by the availability of a critical
nutrient, i.e., by bottom-up effects, the biomass of most
individual taxa is controlled by grazers, i.e., top-down
forces, except for the largest taxon that form blooms.
Clearly, there are differences between the predictions of
the idealized model of Thingstad (1998) and the field
data. The field data do not show a staggered succes-
sion of autotrophs; rather, new taxa of autotrophs appear
before the biomass of those taxa, that are already present,
has saturated. This is no surprise; the above predictions
were only based on the presence of a single nutrient
and no interactions between herbivores or grazing of
herbivores on multiple autotroph taxa were considered.
It is quite conceivable that other environmental factors
and additional biological interactions exert secondary
effects, which open up niches for other autotrophs. Even
though these differences exist between the predicted and
observed patterns, the predictive capabilities of the con-
ceptual model are surprising once the similarities of pat-
terns shown in Figure 5 and Figure 8B are considered.

The only pattern that is not predicted by the model
is the decline of the biomass of Prochlorococcus for large
values of TChl a. It was discussed above that temper-
ature effects could have been partially responsible for
this phenomenon. However, since such a decline was
also observed at constant temperatures during grow-out
experiments in the Arabian Sea, it is worth analysis in
this context. The observed simple saturation patterns for
other autotrophs can be attributed to the establishment
of a balance between a predator and a prey: At high
TCHhl a the predator’s carrying capacity is set by prey
biomass which no longer increases as TChl a increases.
However, the cell size of Prochlorococcus is similar to the
size of marine heterotrophic bacteria and it is likely that
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some herbivores that graze on Prochlorococcus, e.g., hetero-
trophic or mixotrophic flagellates or ciliates (Christaki et
al. 1999; Guillou et al. 2001; Frias-Lopez et al. 2009), also
graze on heterotrophic bacteria (fig. 8C). The biomass of
bacteria is expected to increase as total autotroph bio-
mass increases, since all autotrophs directly or indirectly
produce dissolved organic carbon on which bacteria
depend for growth (fig. 8D). Thus, the biomass of bac-
terial grazers is expected to increase with TChl a as well.
Since it is likely that these also graze on Prochlorococcus,
grazing pressure on Prochlorococcus is expected to increase
with increasing autotroph biomass, even if Prochlorococcus
biomass has leveled off. A consequence of the increas-
ing grazing pressure and constant division rates will be
a decline of the biomass of Prochlorococcus at high TChl
a, as observed in the field data (fig. 5). Thus, the decline
in the abundance of Prochlorococcus with larger values of
TChl a 1s likely due to a decoupling of predator-prey
dynamics between Prochlorococcus and its grazers due to
the availability of other prey for these.

To conclude, this study has both important practi-
cal and theoretical implications. The observed patterns
allow us to predict the response of phytoplankton com-
munities to changes in ocean climate, for example those
associated with global climate change. Those predic-
tions are more akin to predictions of ecological climate
rather than forecasts of ecological dynamics. An impor-
tant theoretical implication is the empirical confirmation
of Thingstad’s (1998) model at the level of taxonomic
groups. These results suggest that forcing of phytoplank-
ton community structure by either bottom-up or top-
down forces does not occur. Phytoplankton community
structure is controlled by a balance between those, and
likely other, forces. The results also imply that the micro-
bial loop in places covered by this study is mostly at a
steady state that varies in a predictable manner with rates
of nutrient input to the system. Data based on rate mea-
surements, not only standing stocks of biomass, that sup-
port these arguments were also presented by Goericke
& Welschmeyer (1998) and Goericke (2002). These con-
clusions support the arguments of Banse (1992; 1995)
and Verity and Smetacek (1996), who have argued that
predation is a powerful, and often neglected, force in the
marine environment.
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ABSTRACT

It has been suggested that the size structure of marine
phytoplankton communities varies with concentrations
of chlorophyll a (Chl a):When total biomass is low, bio-
mass is added only to the smallest size class until an upper
limit to Chl a in this size class—its biomass quota—has
been reached. At this point biomass can only be added
to the community by adding Chl a to the next larger
size class until its quota too is reached, whereupon the
next largest size class is filled up, etc. These rules predict
a maximum biomass for all size classes, except for the
largest one whose maximum biomass is set by the avail-
ability of inorganic nutrients, and abundance thresholds
for all size classes except for the smallest one. Here these
predictions were tested in a variety of environments, the
California Current system, the Eastern Tropical North
Pacific, and the Sargasso Sea. Even though the smallest
and largest size classes followed the above rules, i.e., these
had an upper biomass limit and an abundance thresh-
old, respectively, biomass distributions of intermediate
size classes did not support the simple set of rules. These
results question the general validity of these rules.

INTRODUCTION

Marine phytoplankton communities often consist of
hundreds of species. Describing and understanding these
communities in terms of these species is either impracti-
cal due to the large number of species present or impos-
sible due to the small size of many, which precludes their
identification. Instead other parameters, such as size, gross
taxonomic affiliation or functional group can be used
to describe phytoplankton communities. Using size to
describe these has many advantages. Size is easily deter-
mined (Malone 1980; Chisholm 1992) and rates of met-
abolic processes can often be estimated for different size
classes using simple allometric relationships (Banse 1982;
Peters 1983; Moloney and Field 1989; Finkel et al. 2010,
hallo). These advantages have lead to the development
of models of phytoplankton communities based on size
(Moloney and Field 1991; Armstrong 1996; Thingstad
1998; Armstrong 1999; Irwin et al. 2006).

After reviewing field data, Chisholm (1992) suggested
simple size-based rules for the assembly of marine phy-
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toplankton communities; Thingstad (1998) presented a
simple conceptual model that explains these rules. The
rules are: 1. Phytoplankton communities are dominated
by the smallest cells when total phytoplankton biomass
is low, a rule for which ample empirical evidence exists
(Chisholm 1992; Agawin et al. 2000). 2. As biomass
increases it is added only to the smallest size class until
an upper limit to total Chl a in this size class is reached,
which will be called its biomass quota. For example, the
quota for the <1 pm size fraction is about 0.5 pg- Chl
a L=' (Chisholm 1992). 3. Once this quota has been
reached, biomass can be added to a system only by add-
ing a larger size class of cells until its quota has been
reached as well. This cycle continues, only limited by the
maximum biomass that a system can attain (Thingstad
1998).This implies that for all size classes, except for the
smallest one, there are thresholds of total phytoplank-
ton biomass that have to be met before cells of these
size classes are found in the system. Thus, phytoplankton
pigment biomass of different size classes, when plotted
against total Chl a (TChl a), are predicted to show suc-
cessive waves of size classes, all eventually leveling out
once they reached their biomass quota (fig. 1A). For
example, Raimbauld et al. (1988) observed that phyto-
plankton biomass in the <1, <3, and <10 pm size classes
had upper limits of 0.5, 1 and 2 Chl a L~! in the Adriatic
Sea. The following testable hypotheses are predicted by
these rules: 1. The biomass of smaller size classes attains
a constant value for large values of TChl a. 2. There
exists an abundance threshold for all size classes except
the smallest one, 1.e., a threshold below which cells of
any particular size class do not contribute significantly
to phytoplankton biomass. 3. Relative contributions of
intermediate size classes to TChl a will follow a char-
acteristic sawtooth pattern when plotted against TChl
a (fig. 1B).

The empirical rules above only refer to the average
state of a system. In the case of Thingstad’s (1998) model
these refer to a system at steady state with a given level
of total nutrients, which, when nitrogen is limiting phy-
toplankton biomass, would be the total nitrogen content
of the system. Thingstad’s (1998) model is based on the
dependence of nutrient uptake rates on size and sim-
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Figure 1. A graphical representation of the rules governing the contributions
of different size classes to total phytoplankton biomass (TChl a). These graphs
were derived from concepts in Thingstad (1998). A. The cumulative biomass of
all size classes is plotted against TChl a. Note abundance thresholds for all size
classes except for the smallest one and the attainment of class-characteristic
upper biomass limits, i.e., quota, when TChl a is high. B. Using the data shown
in panel A, the relative contribution of the size classes (% of total) was calcu-
lated and plotted against to log of TChl a.

ple predator-prey interactions that predict variations of
phytoplankton size structure with total system biomass.
The model implies that total phytoplankton biomass is
controlled by the availability of resources but that com-
munity size-structure is controlled by grazers; i.e., by a
balance of bottom-up and top-down forces.

The observations discussed above and Thingstad’s
model imply that simple rules exist that describe varia-
tions of phytoplankton size structure with total phy-
toplankton biomass. Their existence would suggest
that phytoplankton community size structure can be
predicted using simple rules and that phytoplankton
community structure is primarily determined by size-
dependent factors. However, these are only rules and
we should expect that there are exceptions to these
rules. For example, blooms of very small flagellates that

are at times observed in nearshore and coastal environ-
ments impacted by eutrophication (Gieskes and Krey
1983; Dahl et al. 1989) demonstrate that the patterns
described above are not universally followed, i.e., these
do not constitute laws. But are these patterns generally
found in the marine environment, i.e., do these rules
hold generally and has this been demonstrated? Dem-
onstrating that these rules are generally valid would also
lend further empirical support to Thingstad’s model. The
first step to test these rules will be made here using data
from the California Current system as well as data from
the Sargasso Sea and the Eastern Tropical North Pacific.
The distributional patterns observed in these environ-
ments did not follow predicted patterns, suggesting that
the rules described above may not be generally true.

METHODS

For this study size classes are operationally defined by
the pore size of the filters used in the size fractionation
experiment. Size fractionation experiments were car-
ried out in the Southern California Bight and the Cali-
fornia Current system during the April and July 2003
California Cooperative Oceanic Fisheries Investigations
(CalCOFI) cruises (CC0304 and CC0307, respectively).
Additional experiments, carried out as part of other
studies, were carried out during two cruises to the East-
ern Tropical North Pacific south and southwest of Baja
California in February and November 2003 (MEX0302
and MEX0311) and during cruises to the Sargasso Sea
oftf Bermuda during 1985 and 1986 (Goericke 1998).
Water from the mixed layer, collected with hydrowire-
or rosette-mounted Niskin bottles from a depth of 1 or
10 m, was used in all cases. The sum of chlorophyll a
(Chl ) and divinyl-chlorophyll a (Chl a,), was used
as a proxy for total phytoplankton biomass and will be
referred to as Chl a or TChl a. Samples were analyzed
either using the fluorometric method (Holm-Hansen
et al. 1965) to determine Chl a and “pheopigments”
or by high-pressure liquid-chromatography (HPLC)
to determine concentrations of chlorophylls and carot-
enoids. For fluorometric analysis, 250 or 500 ml sea-
water were filtered on 25 mm Whatman GF/F filters,
3 and 8 pm Nuclepore filters and 20 pm Nitex circles.
Filtrations were carried in parallel. Each treatment was
carried out in triplicate. During cruises CC0307 and
MEXO0311 1-pum filters were used as well. The filters
were extracted for 24 hours in 90% acetone at —18°C.
Concentrations of Chl a were determined on a Turner
Designs 10AU fluorometer. For pigment analysis by
HPLC, three samples, each from cruises CC0307 and
MEXO0311 were filtered onto 25 mm Whatman GF/F
and 47 mm 3 and 8 pm Nuclepore filters. These filters
were stored in liquid nitrogen for at least 24 hours and
extracted in 100% acetone. Extracts were analyzed on a
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Figure 2. Size fractionation experiments in the California Current system (Cal-
COFI stations 93.100, 93.90, 90.80; i.e., n=3). For each pigment the contribu-
tions of the 3 to 8 and > 8um size classes to the total concentration of that
pigment are plotted. These pigments are representative of different groups of
autotrophs, i.e., Prochlorococcus (Chl ay; stdev = 1%), dinoflagellates (peri-
dinin, Perid.; stdev = 31%), diatoms & haptophytes (fucoxanthin, Fucox.; stdev
=9%), haptophytes (19’-hexanoyloxyfucoxanthin, HexF.; stdev = 1%), chromo-
phytes (chlorophyll ¢, ,, Chl c; stdev = 2%), pelagophytes (19’-butanoyloxyfu-
coxanthin, ButF.; stdev = 3%), chlorophytes & Prochlorococcus (Chl b; stdev
= 5%), Prochlorococcus (Chl a,; stdev = 1%) and zeaxanthin (cyanobacteria,
Zeax.; stdev = 0.6%).

C8-column based reverse-phase HPLC system as pre-
viously described (Goericke and Repeta 1993). Contri-
butions of size fractions were calculated by subtraction,
e.g., pigment biomass of the 3 to 8 pum size class was
calculated by subtracting Chl a in the >8 pum treatment
from Chl a in the >3 pum treatment. Chl a collected on
Whatman GF/F filters was assumed to represent total
Chl a present in the system and will be referred to as
TChl a. In the California Current system the TChl a
retention efficiency of these filters, relative to that of
0.2 um Nuclepore filters, is 98 + 2 % (n=24) (Goericke
2002). Statistical analysis of the data was carried out in
Microsoft Excel.

RESULTS

In the California Current system size fractionation
experiments were carried out in environments ranging
from eutrophic coastal with TChl a larger than 10 pg

L' to oligotrophic offshore, located at the edge of the
central gyre of the North Pacific, with TChl a less than
0.1 pg L-1. The Eastern Tropical North Pacific and the
Sargasso Sea were typical of tropical and subtropical oli-
gotrophic environments. Thus stations sampled for this
study can be assumed to be representative of large areas
of the world’s ocean.

The effectiveness of filtration protocols used for size
fractionation experiments was tested in the Califor-
nia Current system (CC0304) and the Eastern Tropical
North Pacific (MEX0311) by combining size fraction-
ations with the analysis of taxon-specific pigments by
HPLC in samples from oligotrophic areas. In the Cali-
fornia Current system, 17 and 9% of the chlorophyll a
was retained by 3 and 8 um Nuclepore filters, respec-
tively (fig. 2). In contrast only 0 and 1% of divinyl-
chlorophyll a and zeaxanthin were retained by these
filters, respectively, i.e., pigments which in the open
ocean are characteristic of the cyanobacteria Prochlorococ-
cus sp. and Synechococcus sp. (Guillard et al. 1985; Goericke
and Repeta 1992), the smallest known photoautotrophs.
As expected, retention efficiencies of pigments associ-
ated with eukaryotes were higher. Highest values were
observed for peridinin, the pigment characteristic of
dinoflagellates. The relatively low retention efficiency
of fucoxanthin by large pore-size filters (fig. 2) reflects
the fact that fucoxanthin in these samples was primarily
associated with haptophytes where it is a minor pigment
(Jeftrey et al. 1997).Very similar results were obtained in
the Eastern Tropical North Pacific where Chl g, and zea-
xanthin in the >3 and >8 pm size fractions were only 0
to 1 % of the total (n = 3). These results show that the
filtration procedures used effectively separated very small
cells, such as Prochlorococcus, from larger cells and that
small photoautotrophs were not significantly associated
with larger particles or adhered to particles during sam-
pling and filtration.

A large range of TChl a values was encountered in
the California Current system. Thus results from that

TABLE 1
Size distribution of TChl a for open ocean stations where TChl a was less than 0.3 pg L-'. Data are from cruises in
April and July of 2003 in the California Current system (CC0304 and CC0307), the Sargasso Sea (Sargasso) during 1985 and
1986 (Goericke 1998) and the Eastern Tropical North Pacific (ETNP) during February and November 2003. Given are the
average TChl a concentration (Average TChl a), the percent contribution of each size class to TChl a, and the number
of samples used for the analysis (N). Significant regressions (type I, 95% significance level) of relative biomass (%) against
TChl a (ng Chl a L) are indicated with a “*’. The number of samples from each cruise or environment is given by ‘N’.

California Current system Sargasso ETNP

CC0304 CC0307 — MEX0302 MEXO0311
Average TChl a 0.16 0.16 0.11 0.17 0.17
<3 pm 75 5% 75 £5*!1 79 £ 4% 86+ 7* 91 £6*!
3to 8 um 16 + 4% 15+5* 12+3* 7E1* 4+2
8 to 20 pm 6+ 4 6+2* 5+2* 442 3+2
>20 pm 3+1 4+2 4+2 3+4 2+1
N 20 12 7 9 18

Biomass in the 1 to 3 um size class was determined as well and varied significantly with TChl a.
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Figure 3. The pigment biomass (ug Chl a L) of the <3, 3 to 8, 8 to 20 and >20
um size classes plotted against TChl a for data collected on cruise CC0304 in
the California Current system. A) the log of the size class pigment biomass is
plotted against TChl a for values of TChl a ranging from 0 to 0.3 ug Chl a L.
B) The data plotted on a linear scale with TChl a ranging from 0 to 2 pg Chl
a L-1. C) The data plotted on a linear scale with TChl a ranging from 0 to 14
pg Chl a L-1; the latter represents the largest TChl a concentration sampled
for these experiments.

environment will be presented in detail. During April
2003 the <3 pum size class dominated total pigment bio-
mass (T'Chl a) in the California Current system when
TChl a was low (i.e.,TChl a < 0.3 pg L-1). The <3 pm
size class contributed on the average 75% to TChl a
(fig. 3a, table 1). The 3 to 8 um, 8 to 20 pm and >20
um size classes contributed on the average 16, 6 and 3%
to TChl a, respectively (table 1, fig. 3a) in these sample.
Biomass in the <3 and the 3 to 8 pum size class varied
significantly with TChl a (<3 pm: r> = 0.90, p(slope =
0) < 0.01; 3 to 8 pm: r2 = 0.99, p(slope = 0) < 0.01).
This observation implies that the <3 pm and 3 to 8 pm
size classes are “filled” simultaneously. Virtually identical
results were obtained during July 2003 for low TChl a
samples (CC0307, table 1) in regards to contributions to
TChl a and variations of biomass in different size classes
with TChl a (<1 pm: r2 = 0.92, p(slope = 0) < 0.01;
1 to 3 pm: 12 = 0.62, p(slope = 0) < 0.01; 3 to 8 pm: 12
= 0.28, p(slope = 0) < 0.05). Data for TChl a values of
up to 0.3 ug L, collected in other subtropical environ-
ments showed similar patterns (table 1); biomass in the 3
to 8 pm size class was a linear function of TChl a in both
environments (Sargasso: 12> = 0.92, p(slope = 0) < 0.001;
ETNP: r2 = 0.68, p(slope = 0) < 0.05). These patterns
clearly do not follow the rule that stipulate that larger
size classes are only filled up once smaller size classes
have reached their biomass quota.

As TChl a increased above 0.3 pg L1, contributions of
different size classes to TChl a were much more variable
(fig. 3b). In the California Current System the biomass of
the <3 and 3 to 8 um size classes reached apparent satu-
ration values only once TChl a was larger than 1 to 2 pg
L' (fig. 3c). However, the variability of the data and the
absence of large numbers of data points in that range of
TChl a precludes us to reach a firm conclusion. In con-
trast, biomass of the >20 pum size classes did not reach
saturation values (fig. 3¢). Plots of relative contributions
of different size classes to TChl a illustrate these patterns
in more detail and allow a comparison of the field data
from the cruises CC0304 and CC0307 in the California
Current system (fig. 4) with predicted patterns (fig. 1b).
Only the <3 pm and >20 pm size classes displayed the
predicted patterns (fig. 4 a, d): the <3 pm fraction had
a constant relative biomass of about 75% when TChl a
was low and started declining dramatically once TChl a
was larger than 0.5 pg L-1. The >20 pum fraction had, as
predicted, an abundance threshold at about 0.5 pg-Chl
L-1; below this threshold its relative biomass was con-
stant and very low; once TChl a reached values larger
than 0.5 pg L' its relative biomass increased dramati-
cally, until it dominated TChl a for large values thereof.
In contrast, the 3 to 8 um fraction failed to attain small
values of relative biomass for small values of TChl a as is
predicted. The relative contribution of the 8 to 20 pm
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Figure 4. The relative pigment biomass (% of TChl a) of the <3 (A), 3 to 8 (B), 8 to 20 (C) and >20 (D) um size classes plotted against log TChl a for data collected
on cruises CC0304 (open symbols) and CC0307 (solid symbols) in the California Current system. Note that TChl a is plotted on a logarithmic scale for compari-

son with Figure 1b.

size class to TChl a varied from less than 5 % to 15%
of the total but did not vary systematically with TChl a
(fig. 4c) as is predicted (fig. 1 a,b). Overall the distribu-
tions of the 3 to 8 and 8 to 20 um size classes do not
display the expected sawtooth pattern (c.f. fig. 1b), i.e.,
do not follow the predicted patterns.

DISCUSSION

The objective of this study was to test a simple set
of rules governing the size structure of phytoplankton
communities (fig. 1), using data from the California Cur-
rent system and other marine environments. Chl a was
used as a proxy for phytoplankton carbon biomass in
this study. Even though carbon to Chl a ratios are quite
variable in algae (Geider 1987), ratios of Chl a in differ-
ent size classes of algae reflect the corresponding carbon
ratios well (Tremblay and Legendre 1994).This suggests
that Chl a is an appropriate proxy for phytoplankton
biomass for this study.

Results presented here suggest that the rules outlined
in the introduction do not adequately describe contribu-
tions of different size classes to TChl a. In the California
Current system small phytoplankters dominated phyto-
plankton biomass when TChl a was low; as predicted and
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as expected based on empirical data from many studies
(Chisholm 1992; Agawin et al. 2000). When phytoplank-
ton biomass was high picoautotrophs were still present
as predicted, contributing on the average 0.5 pg Chl a
L' to the total. Or, put differently, in the ocean there is
a constant background of planktonic autotrophs, regard-
less of the waning and waxing of larger phytoplankters,
such as diatoms or dinoflagellates (Chisholm 1992).The
biomass of some size classes also attains maximum values,
as predicted, even though these values were quite vari-
able. For example, even though the <3 um size class in
the California Current system had an average biomass of
~0.5 pg Chl a L-! for TChl a larger than 1 to 2 ug Chl a
L1, values as high as 2.7 pg Chl a L' were observed for
the <3 pm size class during cruise CC0307. Nonetheless,
this study illustrates, similar to many others (see reviews
by Malone 1980 and Chisholm 1992), that the variabil-
ity of phytoplankton biomass in the ocean is generally
due to the larger phytoplankters.

The most significant deviation of observed distribu-
tional patterns from those predicted is the absence of
discrete abundance thresholds for some size classes. For
example, it was not possible to unambiguously identity
an abundance threshold for the 3 to 8 um and 8 to 20
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Figure 5. The contribution of the <8 pym size class to euphotic zone inte-
grated TChl a (mg Chl a m-2) in the California Current system from Mullin
(1998). The data, n = 557, were collected by the CalCOFI technical group on
cruises between 1994 and 1996. The lower panel shows the individual data
points, the upper one shows the data smoothed using a loess function. The
dotted line represents a 1:1 line for the data. In the California Current system
stations with integrated TChl a > 100 mg m-2 have typically surface TChl a
concentrations larger than 5 pg L.

pm size classes in data from three different environments,
the California Current system, the Sargasso Sea and the
Eastern Tropical North Pacific. It also appears that the
biomass of the 8 to 20 um size class does not reach an
upper limit, 1.e., its relative contribution to TChl a is
constant, even when TChl a is large (fig. 3¢). This point
is also well illustrated by data published by Mullin (1998;
2000) that show convincingly (n = 557) that the biomass
of the <8 pm size class in the California Current system
does not saturate as TChl a increases, even when TChl
a reaches values larger than 10 pg L1 (fig. 5, replotted
from data in Mullin 1998 and 2000). Li (2002), using
flow-cytometry data, observed patterns very similar to
those described here. Whereas a decrease of the cellular
abundance of picoautotrophs (<2 pum) with increasing
Chl a standing stocks was mirrored by an increase in the
cellular abundance of larger nanoautotrophs (10 to 20

pm), the cellular abundance of smaller nanoautotrophs
did not vary with Chl a standing stock within the range
of 10 to 1000 mg-Chl m2.The latter result confirms our
observations for the intermediate size classes.

The data presented here illustrates that the variability
of autotroph biomass in the California Current system
is dominated by larger autotrophs. In contrast Marafién
et al. (2001) reported that in the open North and South
Atlantic variability of phytoplankton biomass was due
to picoautotrophs only (<2 pm). It is interesting to note
that Maranidn et al. (2001) confined their analysis to
stations with standing stocks of less than 40 mg TChl
a m2, i.e., stations where T'Chl a concentrations were
mostly below ~0.4 pg L' (Maranén et al. 2000). An
analysis of the California Current system with stations
confined to those with mixed layer TChl a less than 0.4
pg L' would result in a conclusion similar to that of
Maranoén et al. (c.f. fig. 3a), since larger taxa, such as dia-
toms, which are responsible for blooms in the California
Current system (Venrick 2002; Goericke 2011), are vir-
tually absent from the system when TChl a is less than
0.4 pg L-'. These results imply that the answer to the
question “What dominates the variability of autotroph
biomass in the ocean?” scales with the range of pigment
concentrations observed in the study.

These results show that the rules that were suggested
by Chisholm (1992) and given a theoretical justifica-
tion by Thingstad (1998) cannot be applied without
modifications to the California Current system. Some
aspects of these rules—implied abundance thresholds for
intermediate size classes and the postulated upper lim-
its to total Chl a in some size classes—fail to adequately
describe the size structure of phytoplankton commu-
nities in the California Current system and in other
environments as well. Considering that the California
Current system is a very heterogeneous system, likely
representative of other temperate/subtropical marine
systems (c.f. table 1), these results should caution us to
use simple sets of rules to describe the size structure of
phytoplankton communities in any marine environment
without first testing these.

These results imply that size is just one of many
important dimensions of phytoplankton commu-
nity structure. These data suggest that size-based tro-
phic interactions are insufficient to explain the different
size distributions observed in the various environments,
particularly distributions for intermediate-sized phyto-
plankters. For example, Irvin et al. (2006) have shown
theoretically that phytoplankton size structure, among
other factors, also depends on the maximum growth rate
of the different groups of phytoplankters. This implies
more consistent distributional patterns could emerge
when taxon-specific biomass is used for such a study
instead of size-class specific biomass since maximum
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growth rates vary significantly among taxa, often inde-
pendent of size (Chisholm 1992; Finkel et al. 2010). An
analysis of taxon-specific biomass distributions from
the California Current system confirms this (Goericke
2011); the biomass of different phytoplankton taxa fol-
lowed patterns such as those shown in Figure 1.
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ABSTRACT

Using data from January—May CalCOFI surveys from
1981 to 2008, we investigated how the abundance of
market squid paralarvae in the southern California Cur-
rent varied in relation to local and large-scale environ-
mental variables. Market squid paralarval abundance was
significantly correlated with both near-surface temper-
ature, nutrient and chlorophyll concentrations; and the
El Nifno—Southern Oscillation (ENSO) index. Stepwise
regression analysis indicated a significant relationship
primarily with ENSO and secondarily with the Pacific
Decadal Oscillation, with local variables not entering
significantly due to their high collinearity with ENSO.
Paralarval abundance provides a fishery-independent
index of stock biomass, and these statistical relationships
suggest that the ENSO and PDO indices can be used
for adaptive management of the market squid fishery.
CPUE seems to have deficiencies as an index of stock
biomass because the fishery is carried out on spawning
aggregations.

INTRODUCTION

Doryteuthis (Loligo) opalescens (market squid) have been
fished in California since the mid-1800s, when Chi-
nese fishermen used small rowboats and torches to catch
adult squid (Fields 1950; Porzio and Brady 2007;Vojkov-
ich 1998). The fishery was of relatively limited value
and importance, with landings generally on the order of
10,000 t or less, until the mid-1980s. The fishery then
shifted from brail and lampara nets to purse seines (and
later, drum seines), and landings increased markedly. In
the mid-1990s, market squid became the largest Cali-
fornia fishery in terms of both landings and revenue. In
2009, squid fishermen landed over 92,000 metric tons
of squid, with an ex-vessel value of about $56.5 million
(Sweetnam 2010).

Despite the regional importance of the fishery, the
fishery is “monitored,” without a formal stock assess-
ment to guide management. The squid fishery is regu-
lated with restrictions on gear, weekend closure dates, a

Keywords: market squid, Doryteuthis opalescens, paralarvae, El Nifo, ENSO, Pacific
Decadal Oscillation, catch per unit effort.

seasonal 118,000 ton catch limit, and permit limits (Cali-
fornia Department of Fish and Game 2005). The catch
limit is based on the approximate maximum landings
obtained in three seasons since 1998-2000, but landings
over the past decade have been mostly about half the
total allowable catch. Catch per unit effort (CPUE) has
been relatively steady, but CPUE is generally unreliable
as a proxy for stock biomass, particularly for a fishery
with evolving gear technology and that targets spawn-
ing aggregations (Hilborn and Walters 2001).

The market squid lives to only 6—9 months (But-
ler et al. 1999), and the population fluctuates markedly
from year to year, largely in apparent response to envi-
ronmental factors. During El Nino events, the fishery
has declined precipitously by an order of magnitude and
more. However, it recovers typically within a few years,
particularly in response to La Nina events (Zeidberg
et al. 2006). The preponderance of evidence indicates
that these dramatic fluctuations are more likely due to
changes in abundance than mere shifts in availability to
the fishery (Reiss et al. 2004). However, the impact of
the fishery on the population is not understood, and
there are concerns about overexploitation during the
periodic downturns of the population (Zeidberg et al.
2006). Improved proxies for stock biomass, as well as a
better understanding of the species’ response to envi-
ronmental conditions may contribute to the sustainable
management of the fishery.

The role of squid in the food web of the California
Current has not been quantified. However, as juveniles
they feed predominantly on pelagic crustaceans, such as
copepods and euphausiids, shifting to larger prey, such
as fish, as they mature (Fields 1965; Karpov and Caillet
1978).They are consumed in turn by a variety of preda-
tory fishes, seabirds, and marine mammals (Fields 1965;
Morejohn et al. 1978). In view of their apparently high
abundance and rapid turnover, they presumably play a
key role in the transfer of production from the plankton
to higher trophic levels within the California Current.

To examine changes over time in market squid
abundance, we used data from California Cooperative
Oceanic Fisheries Investigations (CalCOFI) research
cruises. These cruises, carried out quarterly since 1984,
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Figure 1. CalCOFI station map showing the core CalCOFI transects and stations. Market squid paralarvae were
examined from station lines 76.7 to 93.3 and station numbers 26.7 to 70.

collect data on the physical, chemical and biologi-
cal oceanography of the southern California Current,
including plankton samples from a regular grid of sta-
tions (fig. 1). Larval squid, known as paralarvae, are reg-
ularly sampled and enumerated from the plankton tows.
Although formal stock assessments based on egg and lar-
val data make use of ancillary data on fecundity and other
factors (Lasker 1985), ichthyoplankton abundance alone
has been shown to be significantly correlated with more
formal stock assessments for a variety of taxa (Moser
and Watson 1990; Moser et al. 2000, 2001; Koslow et
al. in press). Most of the ichthyoplankton obtained on
CalCOFI cruises are at very early (preflexion) stages of’
development, due to net avoidance by better developed
larval and juvenile fish. The ichthyoplankton data there-
fore primarily reflect spawning effort, a function of adult
spawning biomass, rather than subsequent recruitment.
Market squid largely spawn nearshore, so the paralarval
distribution is only partially sampled by CalCOFI (Zeid-
berg and Hamner 2002). However, CalCOFI presumably
samples a reasonably constant proportion of the market
squid population during its early life history. Given the
length of the CalCOFI data set, its consistency and broad
spatial coverage, we believe it may provide insight into
the factors affecting market squid population dynamics
if examined in relation to environmental variables.
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MATERIALS AND METHODS

Several plankton net tows are carried out at each sta-
tion on CalCOFI cruises: double oblique tows with a
bongo net, neuston tows with a manta net, and verti-
cal tows. However, market squid paralarvae were only
obtained in sufficient quantities for time-series analysis
in the manta tows, which sample 8 cm below the air-
sea interface for 15 minutes at about 1.5 knots. Previ-
ous studies have also observed a low abundance and low
incidence of Doryteuthis opalescens from oblique plank-
ton tows (Okutani and McGowan 1969; Recksiek and
Kashiwada 1979). The manta data for market squid
paralarvae begin in January 1981 and continue through
January 2008 and can be found in the NOAA/Scripps
Institution of Oceanography Ichthyoplankton Data-
base (IchthyoDB: http://oceaninformatics.ucsd.edu/
ichthyoplankton). More detailed descriptions of tow
protocol can be found on www.calcofi.org/cruises/
stationwork.html. Because the paralarvae are predom-
inantly found in coastal waters (fig. 2) (Zeidberg and
Hamner 2002), we used CalCOFI’s standard 66 station
grid and examined station lines 76.7 to 93.3 and sta-
tion numbers 26.7 to 70 (fig. 1). Our index of paralar-
vae abundance in the study area was based on data from
January through May, when they were most abundant
(see Results). This period corresponds, with appropri-
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Figure 2. The average abundance (numbers/m3) of market squid paralarvae at CalCOFI stations, showing

their predominantly coastal distribution.

ate lag for the 1-2 month incubation period for the
squid eggs (Zeidberg et al. 2011), with the Decem-
ber—April period of peak fishing on spawning aggre-
gations of market squid in southern California waters.
Only data from the night tows were used in the time-
series analysis because of their far greater abundance at
night (see Results). “Night” was defined as an hour after
sunset to an hour before sunrise, based on the average
sunrise and sunset times for each month sampled. The
paralarval data were quantified as numbers per 1000 m?3.
To obtain the annual mean abundance index, market
squid paralarval abundance from all night manta tows
within the grid of interest from January to May were
averaged. One anomalous data point was removed from
our paralarval data set: station 83.3, 51 on the April
1992 cruise, at which 1,563 paralarvae were obtained,
the highest value by a factor of about five for any sta-
tion in the time series. For the remainder of the cruise,
only 6 market squid were caught at a single other sta-
tion. The anomalous station was likely the result of sam-
pling recently hatched paralarvae above an egg mass.
We examined the relationship between annual mean
paralarval abundance and environmental variables sam-
pled on the CalCOFI cruise and indices for several large-
scale environmental features: the El Nifio—Southern
Oscillation (ENSO) (National Oceanic and Atmospheric
Administration (NOAA) Climate Prediction Center:
http://www.cpc.noaa.gov/data/indices); the Pacific
Decadal Oscillation (PDO) (University of Washington:
http://jisao.washington.edu/pdo/PDO); the North

Pacific Gyre Oscillation (NPGO) (Di Lorenzo: http://
www.o3d.org/npgo/data/NPGO.txt); and upwelling
based on offshore Ekman transport at 33°N and 119°W
(Pacific Fisheries Environmental Laboratory: http://las.
pfeg.noaa.gov/las6_5/servlets/dataset). All environmental
variable values were averaged between January and May
based on monthly mean data.

Physical and biological data were obtained from the
same CalCOFI cruises as the paralarvae for tempera-
ture (°C), salinity, oxygen (O,), phosphate (PO,), silicate
(S103), nitrate (NOs), and chlorophyll a (chl a) from
a depth of 10 m, and zooplankton displacement vol-
ume (DV) integrated over the water column (0200 m)
from double oblique bongo tows, from which zooplank-
ton > 5 mL DV (i.e., large gelatinous plankton, such as
medusae, salps, and doliolids) were removed. These local
oceanographic variables were averaged between Janu-
ary and May to obtain annual means corresponding to
conditions over the spawning period and early life his-
tory. These data were obtained from the CalCOFI data-
base: http://oceaninformatics.ucsd.edu/datazoo/data/
calcofi-sio/datasets?action=summary&id=78.

Market squid catch and effort data were obtained
from California Department of Fish and Game for the
southern California sector of the fishery, the area cov-
ered by the CalCOFI grid (D. Sweetnam and B. Brady,
California Department of Fish and Game, pers. commn.).
We estimated catch per unit effort (CPUE) as average
catch per landing for the peak months of the southern
California fishery from December through April: the
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Figure 3. The mean monthly abundance of Doryteuthis opalescens paralar-
vae (1981-2008) (#/1000 m3) at the core CalCOFI stations.

total squid catch for those months divided by the num-
ber of vessel landings.

Significant deviations from normality were assessed
based on visual inspection of the probability distri-
butions combined with the Kolmogorov-Smirnov
test. The paralarval abundance and zooplankton data
departed significantly from normality and were square-
root transformed, which better achieved normality than
log-transformation.

We initially carried out an exploratory analysis in
which we examined for the presence of significant cor-
relations among the time series. Where there were nomi-
nally significant correlations, we examined first for the
presence of significant trends among the time series,
which can be a source of spurious correlations. Where
present, trends were removed by replacing the original
time series with the residuals from the regression of the
original time series with YEAR. Correlation analysis was
rerun on the residual time series, and where the correla-
tion remained significant based on the nominal degrees
of freedom, we examined the time series correlograms
for autocorrelation of the time series at successive lags.
Autocorrelation reduces the effective number of inde-
pendent data points (or degrees of freedom), leading to
inflated estimates of significance, if uncorrected (Pyper
and Peterman 1998). Autocorrelation was not detected
as a significant source of bias in our analysis.

Because many local environmental variables were
intercorrelated, we applied a principal component anal-
ysis (PCA) to reduce the dimensionality of the vari-
able set (Legendre and Legendre 1983). The PCA was
based on the correlation matrix for the following vari-
ables: upwelling, temperature, salinity, O,, NOj, chl a,
and zooplankton DV. Several nutrient variables were
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Figure 4. Time series of Doryteuthis opalescens paralarval abundance
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removed from the PCA due to their high collinear-
ity with NOj (see Results). Stepwise regression analysis
was used to assess the contribution of environmental
variables and indices to explaining the variability of the
paralarval data set.

RESULTS

Doryteuthis opalescens paralarvae were 26-fold more
abundant from January to May than during the latter
part of the year (fig. 3). During this period of peak abun-
dance, the larvae were 520 times more abundant in the
night than the daytime manta tows, indicating a strong
tendency to migrate into near-surface waters at night.
There was no significant difference in the size com-
position of D. opalescens paralarvae from the manta and
oblique bongo tows (William Watson, pers. commn.,
SWESC), indicating that diel vertical migrations are car-
ried out through the paralarval period of the life history.

The paralarvae were most abundant around the
coastal islands and inshore regions of the Southern Cal-
ifornia Bight (fig. 2). They were infrequently present in
deeper waters out to station 70, less than 300 km from
shore, but were rarely observed farther out to sea. This is
consistent with other studies of their distribution based
on other sampling methods, such as with oblique bongo
tows (Okutani and McGowan 1969; Zeidberg and Ham-
ner 2002).

Paralarval Abundance as an Index of
Spawning Stock Biomass

We examined the market squid paralarval abundance
in relation to the catch per unit effort (CPUE) data for
the commercial fishery to assess their suitability as indi-
ces of D. opalescens spawning stock biomass (fig. 4). The
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Figure 5. Scatterplot of market squid CPUE from the southern California fish-
ery (mt/landing) and paralarvae abundance ((#/1000 m3)°-5). The fit of a power
function is shown: y = 4.03 x067, R2 = 0.30, p < 0.01.

CPUE data, but not the paralarval data, exhibited sig-
nificant trend, increasing with time (p < 0.05). The lin-
ear correlation between the time series was marginal (r
= 0.35, p = 0.08). However, the initial sharp increase
in CPUE appears to have led to a significant nonlinear
relationship between the two time series (fig. 5). Both
time series record the precipitous drop in squid spawn-

ing stock during the major El Nino events of 1998 and
lesser decline during the moderate El Nifio of 2003.
However, during several periods of moderate El Nifio
conditions, notably the early 1990s and around 2005,
paralarval abundance was reduced but the fishery and
CPUE remained high. There was no significant rela-
tionship between paralarval abundance and CPUE in
the following year, indicating that paralarval abundance
is not significantly related to subsequent recruitment.

Environmental Relationships

About half of the environmental variables were sig-
nificantly correlated with market squid paralarval abun-
dance: temperature, nitrate, phosphate, and silicate, and
chlorophyll a at 10 m and the ENSO index (table 1).
However, the PDO and NPGO indices, as well as
upwelling, salinity, oxygen, and zooplankton biomass,
were not significantly correlated with the D. opalescens
time series. None of these variables were significantly
autocorrelated.

Most of the local variables significantly correlated
with D. opalescens paralarval abundance were also sig-
nificantly correlated with ENSO and with each other
(table 2).This is not surprising: upwelling intensity, near-
surface ocean temperature, salinity, nutrient and oxy-
gen concentrations, and phytoplankton and zooplankton
abundance are interrelated ocean properties influenced
by the ENSO cycle. We therefore carried out a princi-

TABLE 1
Pearson correlations of market squid (Doryteuthis opalescens) paralarval abundance, square-root transformed with local
environmental variables measured at 10 m depth: temperature (T), salinity (S), oxygen (O,), nitrate (NOj;), phosphate (PO,),
silicate (SiO;),chlorophyll a (chl), and square-root transformed zooplankton displacement volume (Zoo);
also, upwelling at 33°N, 119°W,, and the ENSO, PDO, and NPGO environmental indices. The temperature, nitrate, and
zooplankton time series were detrended. *: p < 0.05; **: p < 0.01; ***: p < 0.001 (two-tailed significance). N = 26.

T S O, NO;, PO, SiO, Chl Zoo  Upwell ENSO PDO NPGO
Doryteuthis opalescens paralarvae 0.47% 0.06 0.33 0.49*% 0.49%  0.53**  (.51** 0.29 0.17  0.71%%*  0.09 0.25
TABLE 2

Pearson correlations for mean values (January—May) of the ENSO index, upwelling at 33°N, 119°W and local
environmental variables measured at 10 m depth: temperature (T), salinity (S), oxygen (O,), nitrate (NO;), phosphate (PO,),
silicate (SiOj;), chlorophyll a (chl), and square-root transformed zooplankton displacement volume (Zoo).

The local variables are averaged over all CalCOFI stations shown in Figure 1. The temperature, nitrate, and zooplankton
time series were detrended. The correlation coefficients are shown in the right upper part of the table and the significance
levels in the lower left (n = 27-28). *: p < 0.05; **: p < 0.01; ***: p < 0.001 (two-tailed significance).

ENSO T S O, NO; PO, SiO; Chl Zoo Upwell

ENSO .79 .20 .55 .67 .55 .58 48 .49 .49
T *xk -.32 —-.60 -79 —-.56 -.70 -.47 -53 —.60
S 16 .36 .20 .29 .02 .26 .49
O, *x *x 43 45 .07 21 .55 32
NO; *xk *kk * .86 .82 .61 .28 43
PO, *x *x * *xk .30 52 17 18
SiO4 *x *kk *xk .52 .09 43
Chl * * *k ** *k 20 01
700 *k *k *k 47
Upwell *k *% *x * * *
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TABLE 3
Variable loadings on principal component 1 (PC1). The
variables were transformed and detrended as in Table 2.

Variable PC1
Temperature (C) —0.92
Salinity (PSU) 0.50
O, (ml/L) 0.71
NO; (uM/L) 0.81
Chl a (mg/m"3) 0.49
Zooplankton Biomass 0.68
Upwelling 0.71
Variance Explained 49.6%

pal component (PC) analysis of the local oceanographic
variables, including upwelling intensity, to reduce the
dimensionality of the data set prior to further analysis.
We also considered it unlikely that any single variable,
except possibly zooplankton availability or temperature,
influenced squid abundance in isolation. Because the
nutrient variables were closely intercorrelated (r = 0.82—
0.86 for the correlation of NO; with PO, and SiO,),
only NOj was entered into the PCA to avoid biasing
the analysis toward the nutrients.

The first PC explained 49.6% of the variance of the
seven environmental variables entered into the analysis
(eigenvalue (N) = 3.5), more than twice the explanatory
power (18.7%) ot PC2 (N = 1.3). All seven variables had
factor loadings on PC1, equal to the correlation of the
PC1 time series with the time series of the individual
variables, of 0.49 or greater (table 3). Temperature and
nitrate concentration at 10 m depth were most closely
linked to PC1 (loadings = —0.92 and 0.81, respectively),
followed by upwelling and oxygen concentration at 10
m (loadings = 0.71). PC1 was significantly correlated
with the abundance of market squid paralarvae (r = 0.43,
n = 26,p < 0.05), as well as with ENSO, the PDO, and
NPGO, but not with the squid fishery CPUE (table 4).
The strongest correlation was with ENSO (r = 0.77,p <
0.001). The strong relationship between ENSO and the
market squid paralarval abundance is seen in Figure 6.
The apparent outliers to the relationship (1985, 1999,
2000) followed the strong El Nifio events of 1983 and
1998. It is apparent that although the fishery recovered
within a year of these El Nifio events (fig. 4), paralarval
abundance (and by implication, the squid stock biomass)
required more than two years to recover.

Stepwise regression was used to examine the explan-
atory power of PC1 and the ENSO, PDO, and NPGO
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Figure 6. Scatterplot of the ENSO index and market squid paralarval abun-
dance per 1000m3, square-root transformed. El Nifios correspond with peri-
ods when the index is negative, La Nifias with when it is positive. The three
years that appear to be outliers to the linear relationship (1985, 1999, 2000)
followed the strong El Nifio events of 1983 and 1998. (1982, 1983 not shown
because CalCOFI did not sample those years.) The linear relationship is shown:
y=10.13 + 3.76"ENSO, R2 = 0.43, p < 0.001.

TABLE 5
Results of stepwise regression analysis with
market squid paralarvae abundance as dependent
variable and PC1, ENSO, PDO, and NPGO as independent
variables. ENSO and PDO entered significantly into
the regression in that order. *: p < 0.05; **: p < 0.01; ***:
p < 0.001 (two-tailed significance).

Unstandardized Standardized
R . Coefficients Coefficients
egression
Components R2 B B t
Constant 9.15 10.52%**
ENSO 0.43 4.94 0.87 5.20%**
PDO 0.54 2.46 0.39 2.35%

indices in explaining the variance in market squid
paralarval abundance. ENSO was most highly correlated
with paralarval variance and entered the regression first.
Once ENSO entered the regression, only the PDO con-
tributed significantly to explaining the remaining vari-
ance in paralarval abundance (table 5). ENSO explained
43% of the variance in the paralarval data; adding the
PDO explained a further 11% of the variance, for a total
of 54%.The standardized regression coefficients () indi-
cate that ENSO explained more than twice the variance
in paralarval abundance than the PDO (table 5). Time

TABLE 4
Correlations of PC1 with market squid paralarval abundance (Paralarvae), ENSO, PDO, NPGO and the detrended
CPUE for the squid fishery. *: p < 0.05; **: p < 0.01; ***: p < 0.001 (two-tailed significance).

Variables Paralarvae ENSO

PDO NPGO CPUE

PC1 0.43* 0.77***

0.45* 0.43* 0.10
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Figure 7. Market squid paralarval abundance and its abundance predicted
based on a stepwise regression with ENSO and PDO.

series of the observed paralarval abundance and that
predicted by this regression indicate a strong relation-
ship, with most high-frequency variability (rapid shifts
in abundance) explained (fig. 7).

DISCUSSION

Several studies have examined the vertical distribu-
tion of D. opalescens paralarvae, based on plankton tows
at discrete depths from 5 or 10 m to several hundred
meters depth (Okutani and McGowan 1969; Zeidberg
and Hamner 2002). However, previous studies did not
sample the neuston. The exceptionally high relative con-
centration of the paralarvae in the night manta tows
(>500-told more abundant in the manta tows at night
than in the day) indicates that a substantial fraction of
the paralarvae migrate into the neuston at night. This
was critical to our study, since their density from the
CalCOFI integrated water-column sampling appeared
too low and patchy to allow successful analysis. The
nighttime manta tow data provide a readily accessible
fishery-independent time series for this key species in
the California Current.

We were not surprised that ENSO and the PDO,
rather than the local environmental variables synthe-
sized in PC1, entered the regression to explain paralar-
val abundance. There was high collinearity between PC1
and the ENSO index (a correlation of 0.71), so the two
indices explained a highly overlapping component of
the variability. Once ENSO had entered the regression,
PC1 no longer explained a significant portion of the
variability. However, the PDO, which was not signifi-
cantly correlated with paralarval abundance on its own,
explained a significant portion of the remaining vari-
ability after ENSO entered the regression. The mecha-

nism underlying this relationship is uncertain but may
be related to loss of suitable spawning habitat during
El Nino events. Zeidberg et al. (2011) have shown that
D. opalescens exhibits a narrow temperature range for
its preferred spawning habitat (optimum ~12°C, range+
9-14°C), which is generally found at 2070 m depth.
Depression of isotherms during strong El Nifio events
deepens the squid’s spawning habitat to depths where
diminished currents may affect oxygen availability on
the dense spawning beds.

Several authors have previously noted the dramatic
impact of strong El Nifio events on the southern Cali-
fornia market squid fishery (Reiss et al. 2004; Zeidberg
et al. 2006). This may result from enhanced mortality or
deepening of squid spawning beyond the range of the
fishery’s purse seine gear. Decreased incidence of mar-
ket squid in the diet of sea lions, a major squid predator,
during El Nino events also indicates a major decline of
the squid population at those times (Lowry and Car-
retta 1997). However, more remarkable than the dra-
matic decline of the squid fishery during an El Nino
event has been its recovery, often within a year (fig. 4)
(Reiss et al. 2004). Without a fishery-independent time
series or other means to assess stock size, it has not been
possible to assess whether the stock had in fact recovered
to the extent that the improved fishery indicated. The
fishery is conducted on nearshore spawning aggrega-
tions (Vojkovich 1998). As a result, landings and CPUE
likely provide only crude indices of stock abundance,
revealing only extreme fluctuations (or possibly changes
in availability), such as during major El Nino events.
The fishery-independent paralarval time series suggests
that the D. opalescens spawning stock may recover more
slowly than the fishery, consistent with focused spawn-
ing ground paralarval surveys following the 1997-98 El
Nino event (Zeidberg and Hamner 2002).

Although the CalCOFI surveys were designed to
sample the extensive spawning habitat of the Pacific sar-
dine within the southern California Current, rather than
the nearshore spawning habitat of the market squid, the
sampling grid is extensive, with transects extending to
the 20 m isobaths, and consistent over almost 30 years
of manta-tow sampling. This provides a fishery-inde-
pendent paralarval-based index of D. opalescens spawning
stock size that may be used for research purposes and
management of the fishery.

Our data indicate that the squid fishery CPUE is not
significantly linearly correlated with the time series of
paralarval abundance. In part this is due to apparently a
rapid enhancement in the fishery’s CPUE as the fishery
adopted more efficient gear in the 1980s, switching to
purse and drum seines from brail nets (Vojkovich 1998).
However, our data based on paralarval abundance also sug-
gest that the population requires several years to recover
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from major El Nino events, such as 1983 and 1998 (fig.
6), and 1s depressed during moderate El Ninos, such as
prevailed during the early 1990s and around 2005. These
fluctuations are not reflected in the fishery CPUE, sug-
gesting that CPUE may not provide a valid index of squid
spawning stock (fig. 4, 5). Bias in CPUE-based indices
of stock biomass is commonly observed, particularly for
aggregating species (Hilborn and Walters 2001).

Paralarval abundance may also be biased as an index
of stock biomass, if paralarval mortality is enhanced or
squid fecundity is diminished during El Nifo events.
Field studies indicate a marked decrease in mantle length
of D. opalescens during El Nifo events, apparently due
to the interaction of higher temperatures and decreased
zooplankton prey on growth and maturity (Lowry
and Carretta 1997; Zeidberg and Hamner 2002; Jack-
son and Domeier 2003).This could influence fecundity,
although the weight-specific relationship for fecundity
in D. opalescens has not been determined. Laboratory
experiments indicate that the increased water temper-
atures and decreased food availability during El Nifo
events could also lead to increased mortality during the
early life history (Vidal et al. 2002), but this needs to be
confirmed in the field.

Further research on the reproductive biology and
early life history of the squid is required to develop egg
production estimates of market squid spawning stock
biomass. However, until such research is carried out,
the incidence of relatively high CPUE during the early
1990s and 2005—2007 (fig. 4) indicate that it may pro-
vide a positively (i.e., optimistically) biased indicator of
spawning stock. Paralarval abundance is fishery-inde-
pendent and may provide a more parsimonious and pre-
cautionary representation of stock biomass than CPUE.

Our results suggest that the squid fishery could be
more actively managed based on the relationship of
ENSO and the PDO with paralarval abundance. The
ENSO and PDO indices are known in the months lead-
ing up to the fishing season and can therefore be used to
modulate catch quotas. Furthermore, given the extended
squid spawning season, paralarval abundance estimates
from CalCOFI or targeted surveys in the first part of
the spawning season could be used to manage fishing
activity in the latter part of the season.
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