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REPORTS, REVIEW, AND PUBLICATIONS

REPORT OF THE CALCOFI COMMITTEE

The member agencies of CalCOFI remain strongly
committed to cooperative partnership as a means of
making optimal use of public resources, sharing ideas
in research, and providing a public forum to examine
and discuss fisheries problems that concern the people
of California. The pelagic ecosystem off the coast of
the Californias is multidimensional, dynamic, and
complex, and research on that system requires open-
ness to new ideas and approaches, with assurance of
the continuity of fundamental CalCOFI data bases. As
a result, CalCOFI scientists’ work follows two major
trajectories. First, quarterly cruises are made off the
coast of California to measure the same physical,
chemical, biological, and meteorological variables
year after year. On these cruises, new technologies, in-
cluding satellite-mediated information gathering, are
employed. Second, this information is used to form hy-
potheses and test them ashore and at sea, using state-
of-the-art methods such as satellite-tracked drogues,
very high-frequency sonar, automated sampling
devices, and satellite imaging.

The 36-year time series of physical, chemical, bio-
logical, and meteorological data from the California
Current, collected and processed by the CalCOFI
team, constitutes an enormous challenge in data-base
management and data access. The Southwest Fisheries
Center has continued to develop a user-friendly system
for access to the entire data suite. In addition to the de-
velopment of software, the process has required the
verification of some earlier larval identifications in the
light of later knowledge. The system, when complet-
ed, will make a large body of data readily accessible to
qualified researchers, and will greatly increase the
knowledge available from CalCOFI’s extensive
collections.

Determining the spawning biomass of sardines,
when their biomass is very low, has been a problem in
the past. During the last year, Patricia Wolf of the Cali-
fornia Department of Fish and Game, and Paul Smith
of the National Marine Fisheries Service (NMFS) used
the newly developed egg production method to make a
cost-efficient, quantitative determination of the rela-
tive magnitude of sardine spawning biomass during
times of low biomass levels. This method was em-
ployed during May 1985 to determine that the spawn-
ing biomass was at least 20,000 short tons, permitting

the opening of a 1,000 ton sardine fishery on January 1,
1986. The 1986 sardine fishery is the first since the
moratorium took effect in 1974.

CalCOFI was organized in 1949 as a response to the
needs of California’s fishing industry, and has a long-
standing relationship of cooperation with and service
to the industry and to governmental managers. In
1985, CalCOFI researchers from the Southwest Fisher-
ies Center and from the California Department of Fish
and Game consulted with industry scientists to discuss
management options for Pacific mackerel. Their
recommendations resulted in the adoption, by the state
legislature, of new law for managing this stock.

The CalCOFI Committee sponsors a conference
each October to discuss the status of knowledge about
fisheries; the biology of fishes; their environment, in-
cluding physics, chemistry, meteorology, and—from
time to time—fishing gear; and the industry and its
politics. The 1985 conference at Idyllwild, California,
included a symposium convened by John Grant of the
California Department of Fish and Game, entitled
“Southern California Nearshore Waters: Selected
Patterns and Processes.” Some of the papers presented
at that symposium are included in this volume.

During the past year, CalCOFI personnel of
NMES’s Southwest Fisheries Center, the Marine Life
Research Group at Scripps Institution of Oceanogra-
phy, and the California Department of Fish and Game
have fielded four CalCOFI survey cruises of 15 days’
duration, two trawl] survey cruises, one biomass cruise,
two Sardine-Anchovy Program cruises, and one Dover
sole trawl-survey cruise. The CalCOFI Committee
wishes to acknowledge the officers and crews of
NOAA research vessels David Starr Jordan and
McArthur and the University of California’s R/V New
Horizon for their support. The data have been reported
in the Scripps Institution of Oceanography Reference
Series, the CalCOFI Data Report Series, and other data
reports and documents.

The Committee wishes to thank Herbert Frey of the
California Department of Fish and Game for his many
years of service to the CalCOFI Committee. Herb has
served as alternate to the Committee, as a member for
two terms, and as CalCOFI Coordinator. He has also
served as editor of CalCOFI Reports and as execu-
tive secretary of the Marine Research Committee of
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the State of California—the parent committee of
CalCOFI. Richard Klingbeil has been appointed as the
new Committee member representing the California
Department of Fish and Game.

Finally, the CalCOFI Committee wishes to thank the
dozens of reviewers who suggested substantial im-
provements to the scientific contributions in this vol-
ume, Julie Olfe for her very competent and efficient
services as editor, the staff who provided translating
services and scientific consultation, and to George
Hemingway, our current CalCOFI Coordinator.

Copies of this report and other CalCOFI documents
may be obtained gratis by addressing a request to:
CalCOFI Coordinator, Scripps Institution of Oceanog-
raphy, A-027, La Jolla, CA 92093.

The CalCOFI Committee:
Izadore Barrett

Richard Klingbeil

Joseph Reid



FISHERIES REVIEW: 1985
CalCOFI Rep., Vol. XX VII, 1986

REVIEW OF SOME CALIFORNIA FISHERIES FOR 1985

California Department of Fish and Game
Marine Resources Region
245 West Broadway
Long Beach, California 90802

Total 1985 landings of fishes, crustaceans, and mol-
lusks declined for the fifth straight year. Landings de-
clined 21% from 1984 to a level 52% below the average
for the last ten years. Continuing closures of California
tuna processing plants were the primary reason for the
persistent decline.

Landings of pelagic wetfishes increased slightly for
the first time in four years (Table 1). Both the Pacific
herring and market squid fisheries rebounded from the
low levels recorded during the recent warm-water peri-
od. While mackerel landings remained relatively
stable, and the anchovy reduction fishery faded, the
Pacific sardine resource continued a modest trend of
apparent increased abundance.

Groundfish landings increased somewhat over 1984
levels, with significant gains for flatfishes and Pacific
whiting almost offset by declines for rockfishes.
Swordfish landings set a new high; for the first time in
several years harpoon vessels contributed consider-
ably, augmenting the catches of the drift gill net fleet.
Pacific ocean shrimp landings increased for the second
straight year.

Moderate decreases were recorded for the Dunge-
ness crab and lobster fisheries, while albacore de-
creased by almost 50% from 1984 landings.

Sportfish landings were more comparable to those
years with “normal” water temperatures: there were
fewer exotics, and salmon were healthier.

PACIFIC SARDINE

The moratorium on commercial fishing for Pacific
sardines (Sardinops sagax caeruleus) remained in ef-
fect during 1985 because the spawning biomass was
assessed as remaining below the 20,000 tons required
before a fishery may be allowed. However, recent oc-
currences of sardines in mackerel and live bait catches,
in California Department of Fish and Game (CDFG)
sea surveys, and in CalCOFI ichthyoplankton sur-
veys, as well as observations by aerial fish spotters in-
dicated that the biomass might be approaching 20,000
tons. CDFG and the National Marine Fisheries Ser-
vice, Southwest Fisheries Center designed and con-
ducted a survey in May to determine whether the
sardine spawning biomass had exceeded this level. The

TABLE 1
Landings of Pelagic Wet Fishes in California in Short Tons
Pacific Northern Pacific Jack Pacific Market

Year sardine anchovy mackerel mackerel herring squid Total

1964 6,569 2,488 13,414 44,846 175 8,217 75,709
1965 962 2,866 3,525 33,333 258 9,310 50,254
1966 439 31,140 2.315 20,431 121 9,512 63,958
1967 74 34,805 583 19,090 136 9,801 64,489
1968 62 15,538 1,567 27,834 179 12,466 57,646
1969 53 67,639 1,179 26,961 85 10,390 106,307
1970 221 96,243 311 23,873 158 12,295 133,101
1971 149 44,853 78 29,941 120 15,756 90,897
1972 186 69,101 54 25,559 63 10,303 105,266
1973 76 132,636 28 10,308 1,410 6,031 150,489
1974 7 82,691 67 12,729 2,630 14,452 112,576
1975 3 158.510 144 18,390 1,217 11,811 190,075
1976 27 124,919 328 22,274 2,410 10,153 160,111
1977 6 111,477 5,975 50,163 5,827 14,122 187,570
1978 5 12,607 12,540 34,456 4,930 18,899 83.437
1979 18 53,881 30,471 18,300 4,693 22,026 129,389
1980 38 47,339 32,645 22,428 8,886 16,958 128,294
1981 31 57,659 42,913 15,673 6,571 25,915 148,762
1982 145 46,364 31,275 29,110 11,322 17,951 136,167
1983 388 4,740 35,882 20,272 8,829 2,010 72,121
1984 259 3,258 46,531 11,768 4,241 622 66,679
1985* 652 1,792 38,100 10,316 8,801 10,881 70,542

*Preliminary
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survey used the presence of sardine eggs to assess the
extent of spawning area in southern California waters.
Sardine spawning covered an estimated 670 n.mi.?,
which was determined to be characteristic of a biomass
of at least 20,000 tons. As provided by current law,
CDFG announced the opening of a 1,000-ton fishery to
begin January 1, 1986. Apart from the 75-ton live bait
quota initiated last year, this is the first directed take of
sardines allowed in California since the moratorium
took effect in 1974.

The trend of increasing occurrences of sardines in
the mackerel fishery, which slowed last year, appears
to have resumed. An estimated 652 tons of sardines
were landed incidentally with mackerel during 1985
(Table 1). This is the largest annual take in 20 years.
Monterey landings accounted for 6% of the incidental
catch, and local fishermen reported sighting large
schoels of sardines in Monterey Bay on several oc-
casions. The proportion of observed mackerel land-
ings containing sardines increased from 30% in 1983
and 1984 to over 57% during 1985. Sardines consti-
tuted 1.3% of the overall 1985 “mackerel” catch;
during March-April sardines were nearly 3% of the
catch. Length frequencies of incidentally caught sar-
dines show an increasingly broader distribution from
1983 through 1985, indicating that recruitment has
continued.

Sardine landings in live bait declined to roughly
25% of the 1984 estimated landings, and failed to reach
the 75-ton annual quota. This probably resulted from a
decreased demand for sardines rather than a decline in
availability. Live bait fishermen often targeted instead
on squid, which were available for the first time in re-
cent years and are often preferred as bait for certain big
game fish. Legislation passed in 1985 increases the an-
nual live bait quota for sardines from 75 to 150 tons, ef-
fective January 1, 1986.

During CDFG experimental young fish surveys in
July and August, only adult sardines were captured.
Evidence of sardine recruitment was not observed until
September, when young-of-the-year fish appeared in
both the live bait catch and sea survey trawls. Adult
and juvenile catch frequencies during the September
cruise were lower than last year’s; however, the catch
frequency of juveniles suggests that the 1985 year class
is similar in strength to the 1984 year class and con-
siderably weaker than the 1983 year class. Adult fish
captured during the sea survey cruises were in pro-
gressively more advanced stages of prespawning con-
dition from July through September. Also, a greater
proportion of adult sardines occurring in the mackerel
fishery were nearing spawning in the late summer than
in the spring. These observations suggest that a large
portion of spawning occurred during late summer and

early fall this year; the historical sardine population
spawned mostly in spring.

Current state law provides for the rehabilitation of
the sardine resource. During the process of rehabili-
tation a small fishery is allowed. If the spawning pop-
ulation increases beyond 20,000 tons, CDFG may
increase the seasonal quota, but at such a rate as to
allow for the continued recovery of the population.
Only limited markets exist now for sardines, and it re-
mains to be seen whether new markets and uses will de-
velop as the resource recovers.

NORTHERN ANCHOVY

At least one processor in both the northern (north of
Point Buchon) and southern permit areas issued orders
for northern anchovy (Engraulis mordax) for reduction
during the 1984-85 season. Fishermen, however,
found anchovies unprofitable and concentrated their
efforts on mackerel. The anchovy price per ton
dropped from $38 to between $25 and $30, and fisher-
men reported that large anchovy schools were not lo-
cally available in either permit area.

A single landing of 77 tons was made during the
1984-85 reduction season (Table 2). This landing oc-
curred at Terminal Island in November 1984, against
the southern area quota of 6,250 tons. No landings for
reduction purposes were made toward the northern
area 1984-85 season quota of 694 tons.

Using an egg production biomass assessment
method, the National Marine Fisheries Service esti-

TABLE 2
Anchovy Landings for Reduction Seasons in the
Southern and Northern Areas, in Short Tons

Southern Northern

Season area area Total
1966-67 29,589 8,021 37,610
1967-68 852 5,651 6,503
1968-69 25,314 2,736 28,050
1969-70 81,453 2,020 83,473
1970-71 80,095 657 80,752
1971-72 52,052 1,374 53,426
1972-73 73,167 2,352 75,519
1973-74 109,207 11,380 120,587
1974-75 109,918 6,669 116,587
1975-76 135,619 5,291 140,910
1976-77 101,434 5,007 106,441
1977-78 68,476 7,212 75,688
1978-79 52,696 1,174 53,870
1979-80 33,383 2,365 35,748
1980-81 62,161 4,736 66,897
1981-82 45,149 4,953 50,102
1982-83 4,925 1,270 6,195
1983-84 70 1,765 1,835
1984-85* 77 0 77
*Preliminary
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mated the 1985 northern anchovy spawning biomass at
574,421 tons (521,000 metric tons). The U.S. opti-
mum yield for the 1985-86 season was set at 159,750
tons, and the harvest quota for reduction purposes was
set at 154,350 tons. Allocations established were
10,000 tons for the northern permit area, and 144,350
tons for the southern area.

The 1985-86 reduction season opened on August |
in the north and September 15 in the south. Approxi-
mately 909 tons of anchovy were landed between No-
vember 15 and December 30, 1985. All landings were
made in the northern permit area by two boats fishing
just outside the Monterey Bay breakwater. Efforts to
fill reduction orders dropped off as fish moved out of
the area.

Statewide reduction landings of northern anchovy
for 1985 were 909 tons. Nonreduction landings totaled
883 tons. The live bait catch was estimated at 5,055
tons. Bait was highly available year-round.

Trawl surveys during 1985 indicate dominance by
the 1984 and 1983 year classes (66% and 22% by
number, respectively, in survey samples). Although
young-of-the-year (1985 year-class) fish made a strong
showing in live bait hauls from June through Decem-
ber, reports of poor catches of young fish in the 1985
Mexican reduction fishery, and their poor representa-
tion in CDFG recruitment surveys indicate that the
1985 year class may actually be weak.

JACK MACKEREL

Approximately 10,320 tons of jack mackerel
(Trachurus symmetricus) were landed during 1985.
Jack mackerel constituted roughly 21% of total mack-
erel landings. This marks the seventh consecutive year
that jack mackerel have contributed less than Pacific
mackerel to the California mackerel fishery. It is the
second consecutive year that jack mackerel have con-
tributed such a low proportion of the mackerel fishery
since this species first supported a fishery in the late
1940s.

Jack mackerel dominated landings only during Janu-
ary, when landings of Pacific mackerel were limited by
interseason restrictions, and overall mackerel landings
were the lowest of the year. Jack mackerel were mostly
unavailable or not sought after in southern California
during the last four months of the year. The composi-
tion of northern California catches varied greatly
throughout the year, with jack mackerel constituting
less than 1% of the catch in October and more than 95%
of the catch in January and February. Calculated
throughout the year, jack mackerel made up 23% of the
northern California mackerel catch and 20% of the
southern California catch. This is in contrast to 1984
and 1983, when jack mackerel contributed a consider-

ably larger proportion of the mackerel landings in the
north than in the south.

Sea surveys conducted during 1985 indicate fair to
good recruitment for the 1985 year class of jack
mackerel.

PACIFIC MACKEREL

The 1984-85 season (July 1-June 30) for Pacific
mackerel (Scomber japonicus) was closed on Decem-
ber 20 because the adjusted season quota of 26,000
tons has been landed. Interseason restrictions were in
effect through January, limiting the take of Pacific
mackerel to 50% or less by number, or pure loads of 3
tons or less. The season reopened on February 5 after
the California Fish and Game Commission (FGC), as
recommended by CDFG, augmented the quota with
5,000 tons per month for February, March, and April,
with uncaught portions of the monthly allotments to be
added to the next month’s quota. The quota increase re-
sulted from a reevaluation of the 1984-85 Pacific
mackerel total biomass, finally estimated to range be-
tween 131,000 and 242,000 tons. For the first time this
estimate included consideration of Mexican commer-
cial and U.S. recreational catches in cohort analysis.

Landings continued to be low despite quota in-
creases, because southern California processors im-
posed a landing limit of approximately 70 tons per boat
per month through March. In April the landing limit
was increased to 50-60 tons per boat per week, but the
price per ton was lowered from $190 to $163. On April
24, the FGC added another 15,000 tons to the season’s
allowable catch, bringing the 1984-85 season quota to
56,000 tons. Fishing for the remainder of the season
was slow. Although the price was increased to $170 per
ton, landing limits were decreased to 25 and 50 tons per
boat per week, because inventories of frozen mackerel
reportedly exceeded last year’s by 60%. In Monterey
only about 1,600 tons of mackerel were landed from
January through June, because fishermen concentrated
their efforts on squid. The National Marine Fisheries
Service (NMFS) began to investigate the use of Pacific
mackerel in a federal surplus commodities program to
help ease poor local market conditions, which were
partly caused by competition from foreign countries.

The 1984-85 season ended with a total catch of
43,270 tons of Pacific mackerel. Approximately 83%
was landed in southern California. Pacific mackerel
constituted an average 93% of total mackerel landings
trom January through June 1985, and 81% of total
landings for the 1984-85 season. Areas where fish were
caught from February through June ranged from off the
Santa Barbara coast to outside Santa Monica Bay, and
out to Santa Cruz, Anacapa, and Santa Catalina
islands.
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The 1985-86 season opened July 1, 1985. The Pa-
cific mackerel biomass was estimated to range between
178,000 and 260,000 tons, providing a season fishery
quota of 40,000 tons. The season started off slowly,
because Terminal Island processors were ‘closed for
much of July. Southern California purse seiners fished
up the coast to Morro Bay in August, when landings in-
creased substantially.

On September 9, urgency legislation (AB 1197) was
passed. This law (1) requires CDFG, by February 1 of
each year, to estimate the total Pacific mackerel popu-
lation size for the current season, and the expected size
at the beginning of the next season; (2) sets the quota at
30% (up from 20%) of the population above 20,000
tons when the total biomass is between 20,000 and
150,000 tons; (3) allows for no quota restrictions (open
fishery) when the biomass is greater than 150,000 tons;
(4) allows CDFG to adjust quotas during any portion of
the season; (5) increases the pure-ton interseason re-
strictions from 3 to 6 tons; and (6) eliminates the 10-
inch size limit. Quota restrictions for the remainder of
the 1985-86 season were subsequently lifted upon con-
sideration of the estimated biomass range.

Landings were high in September, but declined in
October during a dispute over landing limits and
prices. Fishing resumed in November, with landing
limits remaining in place and the price reduced to $155
per ton. Landings were limited by a lack of orders, par-
ticularly in northern California. December landings
were high, for fish were locally abundant, and orders
increased.

By the end of December approximately 22,870 tons
of Pacific mackerel had been landed for the 1985-86
season. Landings for 1985 reached 38,100 tons, of
which only 7% was landed in northern California. This
is a decrease from the 18% northern California contrib-
uted to mackerel landings last year. As in 1984, the
1980 and 1981 year classes of Pacific mackerel ac-
counted for the majority of landings. Fish 3 years of
age and younger showed better recruitment than in
1984, but the 1982 and 1983 year classes still appear
very weak. The strong showing of the 1984 year class,
as 1-year-olds, is encouraging. Young-of-the-year fish
did not enter the fishery during 1985, and sea survey
experimental cruises to assess recruitment of Pacific
mackerel off southern California gave preliminary in-
dications that the 1985 year class may be weak.

MARKET SQUID

The California market squid (Loligo opalescens)
fishery landed 10,881 tons during 1985, a very large in-
crease over the last two years’ landings (Table 1).
However, this was still 23% below the last ten-year
average. The California squid fishery is best described

10

as two separate fisheries: the northern California (or
Monterey) fishery, and the southern California fishery.

In Monterey the fishery normally follows a summer-
fall season, but has been atypical the last three years.
This year the fishery started earlier than normal. Large
squid (seven to eight per pound) were caught in April,
although there were signs that they were not abundant.
In good years the boats are usually at the dock unload-
ing their catch shortly after sunrise. This year, boats
spent more time looking for squid and arrived at the
dock as late as noon, with highly variable fishing suc-
cess. The initial price was $600 per ton.

Fishermen voluntarily increased the spawning es-
capement by giving the squid two weeks to spawn
undisturbed in May. Squid landed during May were
still large, but many were spent, and the overall quality
was poorer than two weeks earlier. The price dropped
to $400 per ton.

During the summer, fishing moved northerly, away
from the traditional grounds near Monterey to the area
between Afio Nuevo and Pigeon points. Fishing ranged
from excellent to spotty, with landings through mid-
September. Despite continued effort, commercial
boats were unable to catch squid after that time. Party-
boats, however, were still successfully jigging squid
for bait in November.

For the Monterey fishery, squid were scarce
throughout the year. Although demand was strong,
only 4,286 tons were landed. This is a great improve-
ment over the past two years, but is still only 30% of
the 14,000 tons landed in 1981, the best single year in
the past 40 years.

The southern California squid fishery typically has a
fall-winter season, running from early November
through February. This pattern had not been followed
since 1982, because of a lack of squid, which was prob-
ably related to El Nifno. This year, however, the pattern
resumed; significant landings began in October and
continued through the winter. Early in the year, squid
were very large, averaging about 5 per pound; later in
the year, they ranged from 8-11 per pound.

Southern California landings totaled 6,595 tons,
75% of which were landed during the last quarter of the
year. The price at the beginning of the year, when squid
was still in very strong demand, went as high as $700
per ton. The price then dropped steadily until the end of
the year, stabilizing at $200 per ton.

PACIFIC HERRING

The Pacific herring (Clupea harengus pallasi) fish-
ery recovered in 1985 from the transitory effects of the
1982-84 El Nino. The 1984-85 seasonal (December-
March) catch of 8,264 tons exceeded the 7,590-ton
statewide quota and nearly tripled the 1983-84 seasonal
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catch of 3,000 tons. Annual catch figures for 1985 also
improved, more than doubling the 1984 catch (Table
1). There was a corresponding economic improvement

in the fishery. The base price for 10% roe recovery in-

creased to $1,000 per ton and resulted in an ex-vessel
value for the 1984-85 fishery of over $9 million.

Population estimates from 1984-85 spawning-
ground surveys in Tomales and San Francisco bays
paralleled the improvement in the fishery. After the
poor 1983-84 season, almost 6,600 tons of herring re-
turned to Tomales Bay this past season, and in San
Francisco Bay the population increased 15%, to
46,000 tons.

Herring exhibited good growth characteristics dur-
ing 1984; weight lost during the period of poor growth
caused by El Nifio was regained. The generally good
condition of herring this year contributed to the success
of the 1984-85 fishery.

Based on the 1984-85 population estimates, the
statewide herring quota for 1985-86 was increased to
8,690 tons. Early 1985-86 season catches have been
excellent. This, coupled with an increase in the ex-
vessel price for 10% roe recovery to $1,200 per ton,
should result in another very good herring season.

GROUNDFISH

California’s 1985 commercial groundfish landings
(Table 3), including California halibut (Paralichthys
californicus), were 43,730 metric tons (MT) with an
ex-vessel value of $28 million. This represents an in-
crease of 2,658 MT or 6% from the previous year, but
is still 18% less than the record 1982 catch of 52,152
MT. California landings constituted 38% of the total
1985 Washington-Oregon-California (WOC) commer-
cial groundfish harvest. Trawl vessels continued their
historical domination of the fishery, landing 81% of
California’s 1985 commercial catch.

Trawl landings of the principal groundfish species,
with the exception of lingcod (Ophiodon elongatus)
and Pacific ocean perch (Sebastes alutus), increased
from 4% to 41% over 1984 levels. Dover sole (Micro-
stomus pacificus), sablefish (Anoplopoma fimbria),
and Pacific whiting (Merluccius productus)—species
of particular sensitivity to market fluctuations—
registered increases due in part to robust market
demand and, in the case of Dover sole, to the continued
expansion of the Morro Bay flatfish fishery. Trawl-
caught rockfish (Sebastes spp.) landings remained
relatively stable. The setnet fishery for rockfish and
lingcod continued its expansion.

Federal and state management regulations for the
WOC area restricted the harvest of sablefish, widow
rockfish (S. entomelas), and other rockfishes during
the year. The coastwide widow rockfish optimum yield

TABLE 3
California Groundfish Landings (Metric Tons)

Percent
Species 1984 1985* change
Dover sole 9,774 12,159 24%
English sole 952 1,073 13%
Petrale sole 590 863 46%
Rex sole 568 906 60%
Thornyheads 2,124 2,975 40%
Widow rockfish 2,781 3,065 10%
Other rockfish 14,727 11,812 - 20%
Lingcod 950 696 —27%
Sablefish 4,823 5,167 7%
Pacific whiting 2,335 3,023 29%
Other groundfish 1,448 1,991 38%
TOTAL 41.072 43,730 6%

*Preliminary

(OY) was set at 9,300 MT, and the sablefish OY was
set at 13,600 MT. Vessel trip and frequency limits were
the regulatory measures used to provide a year-round
fishery without exceeding harvest quotas or guide-
lines. The year began with a coastwide widow rockfish
trip limit of 30,000 pounds once per week, but with the
option to land 60,000 pounds biweekly. For the third
consecutive year, a 40,000-pound trip limit without a
frequency restriction was retained for the rockfish
complex for the waters from Cape Blanco, Oregon, to
the Mexican border. Unrestricted landings of sablefish
were allowed, with the provision that landings of fish
less than 22 inches total length could not exceed 5,000
pounds per trip in all areas north of Point Conception.

The rapid pace of the WOC fishery necessitated in-
season regulatory measures. On April 28 the biweekly
widow rockfish trip limit was rescinded to reduce the
rate of landings. This proved to be insufficient, and on
July 21 the widow rockfish trip limit was reduced to
3,000 pounds per trip without a frequency limitation.
The latter measure sustained the fishery throughout the
year. It became necessary to impose a sablefish trip
limit of 13% of a trawl vessel’s total weight of fish
landed per trip, effective November 25, by which time
90% of the QY had been harvested. Sablefish harvests
by other gear types were unaffected. This limit re-
mained in effect until December 5, when the sablefish
OY of 13,600 MT was captured, and landings were
prohibited.

DUNGENESS CRAB

California Dungeness crab (Cancer magister) land-
ings during the 1984-85 commercial season totaled
4.75.million pounds. This was 0.58 million pounds
less than the previous season.

In northern California, fishing began on December
4, after a price settlement of $1.25 per pound. The
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price was increased shortly thereafter to $1.75 per
pound. Weather during the season was generally good,
and 347 vessels trapped 92% of the season’s catch
by the end of January. As in the 1983-84 season, few
sublegal crabs were observed. The season closed on
July 15.

Landings for Crescent City, Trinidad, Eureka, and
Fort Bragg were 2.29, 0.33, 1.38, and 0.17 million
pounds, respectively.

A high opening price of $2.00 per pound and low
volume catches greeted San Francisco crabbers on
opening day, November 12. Many fishermen stopped
fishing in December because of low production. The
season closed on June 30 with a total catch of 0.58 mil-
lion pounds. It was a disappointing season after the
previous season’s landings of 0.86 million pounds.

PACIFIC OCEAN SHRIMP

Statewide landings of ocean shrimp (Pandalus jor-
dani) in 1985 totaled 3.3 million pounds, increasing
for the second straight year. Areas of production were
Area A (False Cape to the Oregon border) and Area C
(Pigeon Point to the Mexican Border). The ex-vessel
price of $0.35 per pound was uniform statewide.

Area C landings of 39,000 pounds resulted from a
combination of targeted trips for ocean shrimp and in-
cidental catches in fisheries for spot and ridgeback
prawns. The Area C total represents the lowest annual
catch since 1979. The low price and a scarcity of
shrimp discouraged all but one vessel (double-rigged)
from fishing. Inexpensive shrimp imports and im-
proved catches in other areas also contributed to the
low effort for ocean shrimp in the Morro Bay and Avila
areas.

Landings from Area A (California-Oregon border to
False Cape) totaled 2.9 million pounds, more than
double the 1.1 million pounds landed during 1984 but
still well below the 1973-82 average of 4.6 million
pounds. Shrimpers landed an additional 0.45 million
pounds in Area A; these were caught in Oregon waters.
The $0.35 per pound price received throughout the sea-
son was the lowest ex-vessel price since 1979.

Only 31 boats (16 single-rigged and 15 double-
rigged) delivered shrimp to Area A ports during the
season (April 1 through October 31); this was the low-
est number of boats since 1977 (exciuding 1983).
Single-rigged vessels had an average seasonal catch
rate of 398 pounds per hour; double-rigged vessels
averaged 573 pounds per hour.

One-year-old shrimp constituted 87.1% of all
shrimp sampled. The incoming year class (1985) made
up only 2.4% of the samples, but during October they
constituted 13.9% of the samples. This indicates good
recruitment. Average counts per pound ranged from
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152.8 in May to 105.3 in October and averaged 123.6
for the season.

PELAGIC SHARK AND SWORDFISH

During {985, 245 permits were issued for harpoon-
ing swordfish (Xiphias gladius), and 227 drift gill net
permits were issued for taking pelagic sharks and
swordfish. In addition, 33 permits were issued in a spe-
cial category authorizing swordfish to be taken by drift
gill nets north of Point Arguello.

Harpoon fishermen enjoyed their most successful
season since the record year of 1978, landing approxi-
mately 0.5 million pounds of swordfish. During 1978
an unprecedented 3.8 million pounds were landed. It
is still not clear why record numbers of swordfish
moved into waters off southern California in 1978,
since nothing even close to this has occurred before or
since. The success achieved in 1985, however, may be
attributable to the use of spotter aircraft. An eight-year
ban on the use of spotter aircraft was lifted by the Cali-
fornia Fish and Game Commission late in 1984.

Reported swordfish landings by drift gillnetters fell
slightly in 1985. Logbook submittals indicated 23,129
fish caught for the 1985-86 season (May through Janu-
ary), as opposed to 25,367 fish reported for the same
period during the 1984-85 season. A reduction in fish-
ing effort during the month of January, due mainly to
inclement weather, probably accounts for the decrease
in total reported landings this past season. Waters adja-
cent to the escarpment bordering the Southern Califor-
nia Bight, and the seamounts—particularly Rodriguez
and San Juan—remained the most productive fishing
grounds during the 1985-86 season.

Preliminary 1985 landings of swordfish will once
again set a new high mark. Because of the combined
success of harpooners and gillnetters, 5.25 million
pounds of swordfish were reported, with an ex-vessel
value of $13.4 million.

Common thresher shark (Alopias vulpinus) landings
amounted to 1.5 million pounds, equaling the previous
season’s mark. The mean length of fish taken in this
fishery continued to decline in 1985. The 1986-87 sea-
son will be shortened by a 2.5-month closure (June 1-
August 14) in an attempt to take the pressure off what is
believed to be a depressed thresher shark stock.

CALIFORNIA SPINY LOBSTER

Daily log returns from the 1984-85 (first Wednesday
in October to first Wednesday after March 15) commer-
cial California spiny lobster (Panulirus interruptus)
fishery documented a precipitous decline in legal lob-
ster catch. The level was the lowest in 12 years.

A spirited anticipation pervaded the fishery; the 440
authorized fishermen represented the largest partici-
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pation in the 15 years since an application fee was
initiated. But enthusiasm dwindled, and the 474,000
trap-hauls from 200 boats made up the lowest reported
effort since the 1980-81 season, 12% below the peak
established during the 1983-84 season.

Log entries tallied a total sublegal (“'short”) retention
of 419,000 animals at a 0.89 catch-per-trap (CPT) rate.
Sublegal CPT levels have steadily increased during
the nine years since sublegal escape ports were first
required.

A total of 245,000 legal-sized lobsters was logged.
Commercial fishery landing receipts documented a
total weight of 400,000 pounds, and an average ex-
vessel price of $4.00 per pound. Thus the 1984-85 fish-
ery was valued at $1.6 million, 16% below the previous
season’s estimate. The 0.52 legal CPT rate tied 1973-
74 as the poorest season, and catch rates for the months
of November (0.42 legals) and December (0.39 legals)
were the poorest ever in the 12-year history of logbook
records.

Catch success, as measured by pounds-per-hundred-
trapping-hours (PPHTH) averaged 1.4, compared to
1.7 the previous season. Monthly catch success was
highest in October (2.0), declined to 0.9 in December,
and recovered modestly to 1.3 in February and March.

Depressed catch success was largely restricted to
southern California’s mainland coast. The lightly
trapped northern mainland (8% of the state’s trapping
effort from Malibu Point to Point Arguello) took 8% of
the state catch and averaged just under 1.0 PPHTH.
South of Santa Monica Bay a concentrated 64% of the
trapping effort took 47% of the state catch at a success
rate of 1.1 PPHTH.

The Channel Islands portion of the fishery was least
affected during this off season. Indeed, the effort here
increased slightly from the previous season. Twenty-
seven percent of the state’s trapping effort captured
449% of the catch at a success rate double that of the
mainland.

Although the 1984-85 season was disappointing to a
large sector of the fishery—specifically those concen-
trating their efforts along the mainland coast—the out-
look is not all bad. A continuation of the high sublegal
retention should initiate a rapid recovery of legal re-
cruitment from a presumably recovering standing
stock of late juveniles/young adults. Preliminary log
returns indicate that catch success for the 1985-86 sea-
son has improved, especially along the northern main-
land coast.

The highly productive but densely trapped southern
mainland coast continues to foster unrest among vet-
eran lobster fishermen. Although logbook records in-
dicate the most strongly recovering sublegal stock
levels in the state, saturation trapping of the nearshore

waters off populous San Diego, Orange, and Los
Angeles counties effectively limits most fishermen’s
economic gain to the high catchability months of
October and November. High competition for the early
season profits has created a spiraling escalation of trap
deployment. Overcapitalized fishermen can incur dis-
astrous losses from sudden storms, poaching, theft, or
concurrent boating activity. Turnover among partici-
pants is high.

Stock conservation management seems to be perpet-
uating biologically sound harvest rates, and gradual
increase is expected in the near future. However, so-
cioeconomic considerations may shift the fishery to
limited-entry management. Preliminary legislation has
been initiated by San Diego-based veteran fishermen
and processors in this regard.

ALBACORE

The 1985 albacore (Thunnus alalunga) season had a
fairly traditional start, with an excellent bite near Mid-
way Island at the end of May, and fish appearing off
southern and Baja California in June. By the end of
June, fish had been spotted as far north as Mendocino
Ridge (about 150 miles west of Cape Mendocino).
During the last half of July, commercial boats were
fishing from northern Baja California to the Oregon-
Washington border. By the end of August, the best
albacore fishing was along the Mendocino Ridge.
Much of September’s fishing was hampered by rough
weather, but most vessels concentrated their efforts off
Point Arena and Bodega Bay when weather permitted.
During early and mid-October, many boats were work-
ing their last trip of the season.

The 1985 season total for California was about 7,200
tons. Approximately 1.5% of this was accounted for by
fishermen retailing their catch directly to the public.
The season total was a little more than half the previous
season’s landings. The 1985 landings also fell 17% be-
low the last 10-year average and 36% below the last 25-
year average {11,182 tons). During 1984 the southern
California purse seine fleet contributed significantly to
the catch. This year, as is more typical, the fish were
not readily available and schooling at the surface, and
so were not vulnerable to round haul nets.

As in the recent past, there were very low landings in
Oregon and Washington this season. Approximately
750 tons were landed in Oregon and 150 tons in Wash-
ington. This brought the WOC fishery landings to
about 8,100 tons, or 60% of the last ten-year coastwide
average. California has historically landed about 60%
of the albacore caught in the WOC fishery, but over the
last few years this percentage has shifted. Last year
California contributed 93% of the total tonnage, and
this year about 85%. To help put this in perspective on
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an ocean-wide scale, the WOC fishery lands roughly
10%-20% of the annual Pacific-wide catch.

A 1985 price agreement of $1,300 per ton for fish
weighing 9 pounds or more, and $950 per ton for fish
less than 9 pounds was reached in June between Pan
Pacific Cannery and the Western Fishboat Owners
Association. During the summer the price dropped
twice, bringing the rate down to $1,000 per ton for fish
sold directly to the cannery. This price was as low as
the rates in the mid-1970s. Shipping charges continued
to be deducted from albacore sales at other locations.
In 1984, the prices opened at $1,400 per ton for fish 9
pounds or more and $1,125 per ton for fish less than 9
pounds. By the end of the season, prices had declined
to $1,150 per ton and $875 per ton.

Market demand has been one of the most significant
influences on the fishery. Pan Pacific at Terminal
[sland was the only cannery to process and can alba-
core this season. The other major cannery, Starkist,
stopped processing tuna in the United States in October
1984. This year it did continue, however, to purchase
albacore, shipping it to Puerto Rico for processing.
Fewer buyers and low prices, combined with occa-
sional wholesaler buying limits, discouraged many
fishermen. Considering that southern California sport
boats reported fair to excellent fishing this season, the
low commercial landings are probably due more to re-
duced fishing effort than fish availability.

In the fall of 1983, U.S. and Japanese scientists met
to discuss the status of the Pacific-wide population.
They concluded that the stock appears to be well ex-
ploited, and is being fished near the estimated ranges of
maximum sustainable yield.

RECREATIONAL FISHERY

The catch record of sport anglers fishing on com-
mercial passenger fishing vessels (CPFVs or party-
boats) roughly reflects the success of ocean-going
anglers on private boats. These two groups account for
the vast majority of the marine sportfish catch. During
the past four years, this catch record has demonstrated
wide fluctuations in relative catch success for many
species as a result of the 1982-84 El Nino phenomenon.
Even though the onset of El Nino was in 1982, the
coastal water temperatures along California in 1982
were “normal” or within normal limits of a ten-year
mean, and relative abundance of many species caught
by CPFV anglers was also normal. However, the 1983
and 1984 warm-water phenomenon caused wide fluc-
tuations in catch rates. This report compares catch rates
of CPFVs from 1982 through 1985, when coastal water
temperatures returned to normal.

The catch of a number of species rose markedly in
1983, increased again in 1984, and returned to near
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normal in 1985 (Table 4). These species include Cali-
fornia barracuda (Sphyraena argentea), Pacific bonito
(Sarda chiliensisy, dolphinfish (Coryphaena hip-
purus), jack mackerel, and striped marlin (Tetrapturus
audax). One species, bluefin tuna (Thunnus thynnus),
supported increased catches in 1983, 1984, and 1985.
Catches of California sheephead (Pimelometopon pul-
chrum), skipjack tuna (Euthynnus pelamis), yellowfin
tuna (Thunnus albacares), and yellowtail (Seriola
lalandei) increased strikingly in 1983, then decreased
in 1984 and again in 1985 to levels similar to those of
1982. Although the catch record includes landings
from long-range boats that fish off Mexico and operate
from San Diego, many of the above fishes are subtropi-
cal species that increased in California waters as far
north as Santa Barbara during 1983 and 1984. In addi-
tion, bonito were caught as far north as Crescent City,
and barracuda as far north as San Francisco Bay.

A number of species had declining catches in both
1983 and 1984 but increased to levels approaching
“normal” in 1985. This group includes barred sand
bass (Paralabrax nebulifer), kelp bass (P. clathratus),
California halibut, Pacific mackerel, and white seabass
(Cynoscion attractoscion). The rockfish complex
(Sebastes spp.) followed a similar pattern, but did not
increase to the same extent in 1985. Some species did
not follow the same patterns, but still demonstrated
strong fluctuations. For example, albacore catches de-
clined in 1983 then rose in 1984 to provide a record sec-
ond only to the 230,000 fish taken in 1962. The least
desirable pattern is that of lingcod (Ophiodon elonga-
tus); the catch has declined every year since 1982.

While the catch data of fish taken from CPFVs might
be considered a reflection of abundance, other factors
detract from this belief. One is the 1982-84 disruption
in water temperature patterns that could have altered
the feeding habits of some species like rockfishes in
northern California. CPFV operators claim that these
species were present, but were in very poor condition
and would not take a baited hook. Another factor that
may account for lower catches of southern California
resident fishes like kelp bass, sand bass, and halibut is
that fishing effort was largely directed toward migrant
game fishes (e.g., tunas and yellowtail) from more
southerly waters.

In summary, the 1982-84 El Nifio phenomenon pro-
vided exceptionally good fishing for recreational
anglers in the Southern California Bight and exception-
ally poor fishing north of Point Conception.
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TABLE 4
Reported Catch and Nominal Effort of Selected Species Landed by
California-Based Commercial Passenger Fishing Vessels

Numbers of fish

Species 1982 1983 1984 1985

California barracuda 73,135 81,989 87.414 75,448
Barred sand bass 273,828 158,353 136,612 299,152
Kelp bass 312,891 304,645 222,771 273,299
Striped bass 3,646 14,206 13,524 9,686
Pacific bonito 219,478 348,050 377,678 120,139
Dolphinfish 1,099 4,992 6.532 1,307
California halibut 11,804 5.682 3,209 7,090
Lingcod 49,791 30,543 23,797 20,603
Pacific mackerel 914,238 630,003 604,324 695,708
Jack mackerel 4,404 5.308 13,261 6,825
Marlin, unspecified 33 65 287 68
Rockfishes 3,089,655 2,346,270 2,015,791 2,043,129
Sablefish 1,578 15 568 3,928
Salmon, unspecified 103.576 55.560 71.491 108,851
White seabass 1,899 1,003 973 1,045
California sheephead 37,242 68,972 38.522 35,934
Albacore tuna 36,690 17,161 211,285 172,493
Bluefin tuna 665 1,912 2.834 4,980
Skipjack tuna 32 103,040 30,357 238
Yellowfin tuna 2,035 116,298 8,648 3,898
Ocean whitefish 22,604 22.095 64,241 84,381
Yellowtail 37,308 178.688 96,018 45,509
All others 174,014 130,146 142,256 135,985
Total fish 5.370,645 4,624,996 4,172,393 4,149,696
Total anglers 775,473 691,792 701,737 711,787

Contributors:

Dennis Bedford, pelagic shark, swordfish
Patrick Collier, Pacific ocean shrimp
Terri Dickerson, albacore, market squid

Paul Gregory, recreational fishery
Jim Hardwick, pelagic wetfishes (central California)
Frank Henry, groundfish

Kenneth Miller, California spiny lobster

Sandra Owen, Pacific ocean shrimp

Chervl Scannell, northern anchovy, Pacific mackerel
Jerome Spratt, Pacific herring

Ronald Warner, Dungeness crab

Patricia Wolf, Pacific sardine, jack mackerel

Compiled by Richard Klingbeil
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THE 1985 SPAWNING BIOMASS OF THE NORTHERN ANCHOVY

ANDREW G. BINDMAN

National Marine Fisheries Service
Southwest Fisheries Center
P.O. Box 271
La Jolla, California 92038

ABSTRACT

The 1985 spawning biomass of the central subpopu-
lation of the northern anchovy (Engraulis mordax) is
522,000 metric tons (MT). This estimate was made us-
ing the egg production method, which computes the
spawning biomass as the ratio of the daily egg produc-
tion rate (eggs per day for the entire population) and the
daily specific fecundity (eggs per day per metric ton).
For the entire population, the egg production rate was
16.95 x 10'? eggs/day, and the daily specific fecundi-
ty was 37.00 X 10° eggs/day/MT. In 1985 anchovy
eggs were found farther offshore than in any survey
since the egg production method was first employed in
1980. A significant number of eggs spawned far off-
shore may have been missed by the survey, thus bias-
ing the estimate downward.

RESUMEN

En 1985, la biomasa de desove de la subpoblacién
central de la anchoveta nortefia (Engraulis mordax) es
522,000 toneladas métricas (TM). Esta estimacion fue
calculada por medio del método de produccion de
huevos, €l cual calcula la biomasa de desove como la
proporcidn entre la tasa diaria de produccion de huevos
(huevos por dia para toda la poblacion) y la fecundidad
especifica diaria (huevos por dia por tonelada métrica).
La tasa de produccién de huevos de la poblacion total
fue 16.95 X 10'? huevos/dia, y la fecundidad especi-
fica diaria 37.00 X 10° huevos/dia/TM. Los huevos de
anchoveta fueron encontrados mds alejados de la costa
en 1985 que en cualquiera de los estudios anteriores
desde que el método de produccién de huevos fuera ini-
cialmente empleado en 1980. Es posible que un nimero
significativo de los huevos puestos mar afuera haya
sido obviado por el presente estudio implicando una
subestimacion de la biomasa.

INTRODUCTION

This estimate of the 1985 spawning biomass of the
central subpopulation of the northern anchovy (En-
graulis mordax) tulfills the requirements of the Ancho-
vy Management Plan adopted by the Pacific Fishery
Management Council (PFMC 1983). In the past, an-

{Manuscript received January 29, 1986.]

16

chovy biomass has been estimated using a larval cen-
sus method (Smith 1972; Stauffer and Parker 1980;
Stauffer and Picquelle 1981) and an egg production
method (Parker 1980; Stauffer and Picquelle 1980;
Picquelle and Hewitt 1983, 1984; Hewitt 1984; Lasker
1985). In 1985 only the egg production method was
used to estimate the anchovy spawning biomass.

With the egg production method (EPM), we com-
pute the spawning biomass as the ratio of the daily
production of eggs (eggs per day for the entire popula-
tion) and the daily specific fecundity (eggs per day per
metric ton) of the adult population. The daily produc-
tion of eggs is estimated from the density and embryon-
ic developmental stages of egg samples from an ichthy-
oplankton survey. The developmental rates of anchovy
eggs are measured in the laboratory under various tem-
perature regimes. The daily specific fecundity of the
anchovy population is estimated from adult fish sam-
pled during a trawl survey. The parameters used to
produce the average specific fecundity are average fe-
male weight, batch fecundity, sex ratio, and the
proportion of females spawning each night. Variance
and covariance values are also produced for the
parameters.

The survey results, the EPM estimate of spawning
biomass, and the variance of the estimate are presented
in the following sections.

DESCRIPTION OF THE SURVEY

The 1985 EPM survey of the central subpopulation
of northern anchovy was conducted with the NOAA
ship David Starr Jordan from January 28 through
March 8, 1985. The survey (Figure 1) ran from north to
south starting approximately 50 miles south of Mon-
terey, California, (CalCOFI line 71.7) and ending at
Bahia del Rosario, Baja California, (CalCOFI line
110.0). Several survey lines were extended farther off-
shore than planned because of the unexpected extent of
positive samples. The survey lines directly north of the
greatest concentration of anchovy eggs (northwest of
San Diego) may not have extended far enough offshore
to sample the northern extent of this concentration.
Thus a significant number of anchovy eggs may have
been missed.

We used a 25-cm-diameter vertical egg net with a
0.15-mm mesh to take plankton samples from 70-m-
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Figure 1. Geographic distribution of ichthyoplankton stations, anchovy eggs,
and surface isotherms.

deep water at 492 stations, and 210-m-deep water at
417 stations. Of these 809 samples, 547 contained an-
chovy eggs (Figure 1). A 15-m” pelagic trawl with a 2-
mm-mesh liner was towed at 74 stations. Adult ancho-
vies were caught at 64 stations (Figure 2). (For a more
complete description of the field operations, see Cruise
Report 8502-JD, dated April 29, 1985, William Flerx,
Southwest Fisheries Center, La Jolla, California.)

Anchovy eggs extended much farther offshore than
in any other year since egg production surveys began in
1980. Spawning activity, as in previous years, was cor-
related with sea-surface isotherms (Lasker et al. 1981)
(Figure 1). South of Point Conception, spawning was
generally constrained within the 15°C isotherm. North
of Point Conception, spawning occurred in colder
water. The cruise report of the USSR research vessel
Mys Babushkina (Cruise Report 8503-MB, dated June
7, 1985, D. Abramenkoff, Southwest Fisheries Center,
La Jolla, California) gave quantitative evidence of
spawning in the area north of our survey area up to the
San Francisco Bay area (Figure 3). On the Soviet
cruise, ichthyoplankton samples were visually
“scanned” (the number of larvae per tow roughly
estimated) to estimate the number of anchovy larvae
taken at each station. We used the scanned estimates to
estimate the anchovy spawning biomass in the area
north of our survey.

In summary, in the late winter of 1985, anchovies

39 T T T T |G T T T
San
Francisco
B TRAWL SURVEY ]
36 |- ]
® POSITIVE STATION
| o o NEGATIVE STATION |
ol Pt. Conception
33+
30 -
| 4
27 1 | Il ! 1 1 S I | | )| |
126 123 120 117 114

Figure 2. Geographic distribution of trawl stations.

were spawning from Baja California to the San
Francisco Bay. This spawning was concentrated in the
Southern California Bight and extended farther off-
shore than usual. Because some of our survey lines
may not have extended far enough offshore, many an-
chovy eggs may not have been counted. This would
bias our biomass estimate downward. South of San
Diego and north of Point Conception the population
was closer to shore, but generally not present in the
colder, upwelled water adjacent to the coast.

er e ANCHOVY LARVAE
Francisco
Larvae/Tow
* 1-3

® 4-15

@ 16-63
@ 64-255

Pt. Conception

36 -

32 . : ®

30

! 1 1 - 1 L 1 i 1 ! 1 It 1 L
129 126 123 120 117
Figure 3.  Geographic distribution of ichthyoplankton stations and anchovy

larvae from the Soviet cruise (Mys Babushkina).
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BIOMASS MODEL
The egg production method estimate of spawning
biomass (Parker 1980; Stauffer and Picquelle 1980) is:

kW :
RFS M

B = PA

where B spawning biomass in metric tons,

= daily egg production rate in number of
eggs per day per 0.05 m?,

= average weight of mature females in
grams (g),

female fraction of the population by
weight,

batch fecundity in number of eggs,
fraction of mature females spawning per
day,

area of survey in units of 0.05 m?, and
conversion factor from grams to metric
tons (10~ MT/g).

“m % = v
[ I

=
i

An estimate of an approximate variance for the
biomass estimate, derived using the delta method
(Seber 1982), is:

var(B)= BH{var(P)/P* + var(W)W? + var(R)/R* +
var(F)/F? + var(§)/§? + 2[cov(PW)/PW —
cov(PR)/PR — cov(PF)/PF — cov(PS)/PS —
cov(WR)/WR — cov(WF)YWF ~— cov(WS)/WS
+ cov(RF)/RF + cov(RS)/RS + cov(FS)/
FS1}.

DAILY PRODUCTION OF EGGS

The daily production of eggs in the sea, P, is the
number of eggs spawned per night per unit area (0.05
m?, the area of the ichthyoplankton net) averaged over
the range and duration of the survey. The density of
eggs was determined from an ichthyoplankton survey,
and the embryonic developmental stage of each egg
was determined by microscopic inspection. The ages
of the eggs in hours from spawning were computed
from the embryonic developmental stage by a
FORTRAN program (Hewitt et al. 1984; Lo 1985)
which assumes that the daily spawning of anchovy
eggs occurs at 2200 hours. An exponential mortality
curve for the eggs was fit to the egg age data. [ estimat-
ed the daily production of eggs as the value of the
predicted curve at the time of spawning.

In order to reduce the variance of the estimate of P, 1
used a two-step sampling scheme with postsurvey
stratification. The first step was the systematic
ichthyoplankton sample of the survey area. Each sam-
ple was assigned a weighting factor proportional to the
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Figure 4. Subdivision of 1985 survey into strata (stratum 1 is the spawning
area; stratum 0 is devoid of eggs).

area the station represented. The second step was to
divide the survey area into two strata: stratum 1 was de-
fined as the area where eggs were found or were likely
to be found based on incidence in surrounding
locations, and stratum O was the area devoid of eggs
(Figure 4).

The egg mortality model

Py = Pe # 3)

was fit to the data by a weighted nonlinear least-
squares regression, with station-weighting factors used
as the weights,

where P; = the number of eggs of age  from the j™
station in the i'" stratum,

t = the agein days measured as the elapsed
time from the time of spawning to the
time of sampling at the j™ station (be-
cause spawning occurs once a day and
because the incubation period was 3
days or less, as many as 3 cohorts of
eggs could be found at each station),

Z = the instantaneous rate of mortality on a
daily basis,

Py = the daily egg production rate in

stratum O; it is zero by definition, and
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P, = the daily egg production rate in
stratum 1.

Mean half-day frequencies for the age data along with
the fitted curve and a 95% confidence region for the
regression line are described in Figure 5. By definition,
the number of eggs produced in stratum 0 is zero. The
daily egg production rate for the total survey area and
its variance (Jessen 1978) is:

P = (A/A)P, 4)
var(P) = (1 + 1/n)[(A,/A) var(P;)] (5)
where n = the total number of stations,
A, = the area of stratum 1, and
A = the total survey area.

The estimates used to compute P, and their variances
are given in Table 1. P was found to be 6.41 within
stratum 1. For the entire 51,720 n.mi.? survey area, the
estimate of P is 4.78 eggs per day per 0.05 m? with an
approximate variance of 0.33. This gives a coefficient
of variation of 12.0%

ADULT PARAMETERS W, F, S, ANDR

The parameters W, F, S, and R were estimated from a
sample of adult anchovies collected by midwater trawl.
For each parameter (here denoted y), a weighted mean,

y, and a weighted variance were estimated (Cochran
1963):

y= 2 [(m/m)y;)in (6)
l

vary) = 3 [(m/m)* 3y Vn(n-1)] )

i

NUMBER OF EGGS PER UNIT AREA

olllllLLlllllll|llllljlll|

0.0 0.5 1.0 1.5 2.0 2.5
AGE (days)

Figure 5. Egg mortality curve. The data are summarized as the mean
abundance by half-day intervals, although the regression was fit to the in-
dividua! data points. A 95% confidence region for the regression (broken
lines) is indicated.

y; = the average value for the {* trawl = X
y,'j/m,', and J
y; = the observed value for the j™ fish in the
i trawl.
Average Female Weight

The average weight of an adult female, W, and its
variance were estimated using equations 6 and 7, where
y; was the average female weight in the i*" trawl. I com-
puted average female weight by selecting 25 mature
females from each trawl; however, this was not always
possible because some trawl samples were too small or
were dominated by immature fish.

Just prior to spawning, the eggs in a mature female’s

where m; = the number of fish subsampled from ovaries become bloated with fluid (hydrated). I
the i trawl, corrected for the extra weight of the hydrated eggs by
m = the average number of fish subsampled regressing the weight of mature females without hy-
per trawl, drated eggs against their ovary-free weight and then es-
n = the number of positive trawls, timating the weight of the hydrated females as if they
TABLE 1

Parameters for Computing Daily Egg Production

Stratum 0 Stratum 1 Total survey

P (eggs/day-0.05m?) 0 6.41 4.77

var(P) 0 0.44 0.33

Z (day™") 0 0.29 0.29
var(Z) 0 0.007 0.007

A (0.05m?) 0.904 x 102 2.644 X 1012 3.548 x 10'2
PA (eggs/day) 16.95 x 10'2
var(P) 4.11x10%
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Figure 6. Frequency distribution of average mature female weight per trawl.
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did not contain hydrated eggs. The following regres-
sion equation was found:

W= — 0.3030 + 1.09 W* (8)

|

where W = estimated weight in grams, and
W* = ovary-free weight in grams.

The regression was highly significant, with a signifi-
cance level much less than 0.001. The frequency distri-
bution for average weight per trawl is described in Fig-
ure 6. The average weight of a female for the entire
survey, W, and its variance are listed in Table 2.

Batch Fecundity
The batch fecundity, F, for each mature female is the
average number of eggs spawned per female at each

20,000

15,000

10,000

BATCH FECUNDITY

5000

rr1rJ|] 17t rrrrrrorrr

o ), 0 O S T N VT O T U N A O U T ST AT Y W S T O Y S S |

0 5 10 15 20 25 30
OVARY-FREE WEIGHT (g)

Figure 7. Linear regression of batch fecundity on ovary-free weight fit to 85
females with hydrated ovaries.

spawning event. The batch fecundity was estimated for
each female fish by a two-step process. The first step
was a regression of batch fecundity versus ovary-free
weight from a sample of 85 hydrated females (Figure
7). The ovary-free weight distribution of these 85 fish
was similar to the ovary-free weight distribution of all
mature females (Figure 8). The estimated regression
equation was:

F = —2035.6 + 682.1 W* )

where F = the estimated fecundity for a female with
W* ovary-free weight. The regression was highly
significant, with a significance level less than 0.001.
The second step was to estimate the batch fecundity for
each mature female fish from its ovary-free weight and
the above regression. I estimated the average batch fe-
cundity for the entire survey area by using equation 6

where y; = F; ;> the estimated batch fecundity; the de-

TABLE 2
Estimates of Egg Production Parameters, Variances, and Coefficients of Variation

Coefficient

Parameter Value Variance of variation
Daily egg production (eggs/day) (PA) 16.95x 10" 4.11x10* 15.6%
Average female weight (g) w) 14.494 0.105 2.2
Batch fecundity (eggs) (F) 7,343. 1.145 % 10° 4.6
Spawning fraction (day ") (S) 0.120 0.00024 12.9
Female fraction (R) 0.610 0.00038 3.2
Daily specific fecundity (10° eggs/day -MT) 37.003

Spawning biomass (MT) (not including San Francisco area) (B) 458,024 7.374 x 10° 18.7
Spawning biomass (MT) (including San Francisco area) B) 522,000
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Figure 8. Frequency distributions of ovary-free weight for the entire survey

(top) and for the females with hydrated ovaries used to estimate the batch
fecundity/ovary-free weight regression.

30 -

25 |-

15

FREQUENCY

10 H

o A 77,

T 1
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

PROPORTION OF DAY=1 SPAWNERS
Figure 9. Frequency distribution of spawning fraction.

sired m; was 25 females. The variance equation (7) was
modified because of the extra source of variation from
the fecundity/ovary-free weight regression (Draper
and Smith 1966):

var(F) = S (myim) [(F-F)(n-1) + S,%/85

i + (WH-W,*)*Var(b)|/n (10)
where S§,2 = 3,748,191 is the variance about the re-
gression,
W* = average ovary-free weight for the i
trawl,

W,* = 15.43 g, average ovary-free weight of
the 85 hydrated females used in the re-
gression,

vér (b) = 2,453, variance of the slope of the re-
gression, and
n = 63, the number of positive trawls.

The average batch fecundity and its variance appear in
Table 2.

Spawning Fraction

The spawning fraction is the proportion of mature
females that spawned on the night prior to capture
(day-1 spawners). The spawning fraction, S, and its
variance were estimated using equations 6 and 7 where
y; = S; was the spawning fraction found from the i
trawl. The desired m;—the sample size per
trawl—was 25. Strong evidence indicates that females
spawning on the night of capture (day-0 spawners) are
oversampled by the trawl (Picquelle and Hewitt 1983).
To account for this, I adjusted m; by assuming that
there was an equal incidence of day-0 and day-1i
spawning fish and hence substituting the day-1
spawners for the day-0 spawners. The frequency distri-
bution of the spawning fraction appears in Figure 9.
The estimate of § and its variance are found in Table 2.

Female Fraction

The female fraction of the population by weight is
the parameter R. Equations 6 and 7 were used where ¥;
= R;, the total weight of females in a subsample of ap-
proximately 50 fish divided by the total fish weight.
For each trawl, average weights of male (n = 5) and fe-
male (n = 25) fish were measured, and the weights of
hydrated females were adjusted using the regression
given in equation 8. These average weights were used
to estimate the total female weight and the total fish
weight. The frequency distribution of R is given
in Figure 10; the estimate and variance are shown in
Table 2.
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BIOMASS ESTIMATE AND VARIANCE

Using equations 1 and 2, I estimated the spawning
biomass for the portion of the population range covered
by the survey to be 458,025 MT, with a standard error
of 85,872 MT. This gives a coefficient of variation of
18.75% The values of the parameters that were used in
the estimate, and their variances and covariances
appear in Tables 2 and 3. The northern part of the
population range was not covered by this survey.

The results of the Mys Babushkina cruise show that,
as in past years, there is spawning off San Francisco.
The Soviet cruise covered the area from Point Concep-
tion (CalCOFI line 80.0) north to line 70.7—the
northern extent of our biomass survey (region 2)—as
well as the region north of line 70.7 (region 1). The
Soviets used a bongo net to collect anchovy eggs
and larvae. Because larvae are less patchy than eggs, |
used “scanned” larvae counts (Figure 3) as an indicator
of relative spawning biomass in the two regions. Spe-
cific fecundity and subsequent mortality rates of
eggs and Jarvae are assumed to be constant throughout
the spawning area. The biomass of region 1 was calcu-
lated as:

S (L1 *A)
Bl =B2* _1
Z(L2; % A)

)

= 63,718 MT

where B1

estimated spawning biomass of region

1,

B2 = 29,090 MT is the spawning biomass of
region 2 (biomass equation),

L1, = number of larvae caught at each station

inregion 1,
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L2; = number of larvae caught at each station
in region 2, and
A, = area represented by station i.

The final biomass estimate for the survey area plus the
northern area was 458,025 + 63,718 = 521,742 MT.
The variance of this estimate was not computed. How-
ever, the coefficient of variation is certainly larger than
the 19% associated with the entire region of the EPM
survey (Table 2).

DISCUSSION

The 1985 egg production method estimate of the
spawning biomass of the central subpopulation of the
northern anchovy is up by 61% from its lowest point
(since 1980) in 1984. Table 4 lists the historical time se-
ries of parameters. The change in spawning biomass is
caused by a 31% increase in egg production and a 13%
increase in the daily specific fecundity from 1984. The
decrease in daily specific fecundity results from a drop
in the spawning fraction to a level average for 1980-84
and an increase in batch fecundity. The larger batch fe-
cundity is strongly related to a 21% increase in female
weight, because the two are highly correlated (Table
3). The ratio of batch fecundity and mean weight (F/W)
estimates the specific batch fecundity (Table 4). The in-
crease in this ratio is less than the rise in batch fecundi-
ty, implying that much of the growth in batch fecundity
is due to a larger average female weight. The egg mor-
tality rate Z was higher this year than it has been since
1980. The very large 1980 rate, along with this year’s
high Z value, demonstrates the variability of Z. Female
fraction remained very high compared to the years
before 1984. The daily specific fecundity is lower than
1984 but is still above the average for 1980-83.

The EPM spawning biomass estimate can be com-
pared to an annual acoustic survey, which provided a
measure of total anchovy biomass. The California De-
partment of Fish and Game conducted an acoustic and
midwater trawl survey of the northern anchovy in Feb-
ruary 1985 (Cruise Report 85-X-1, K.F. Mais, CDFG,
Long Beach, California). The cruise was restricted to
the area between Point Conception (CalCOFI line
80.0) and the U.S.-Mexican fishery boundary. In
agreement with our results, Mais reports that the geo-
graphic distribution of anchovies was more offshore

TABLE 3
Covariances between Adult Parameters

F S Female fraction (R)
Female weight (W) 66.25495 0.00076 0.00064759
Batch fecundity (F) 0.53235 0.44352668
Spawning fraction (S) 0.00005531
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TABLE 4
Time Series of Egg Production Parameters (1980-85)
1980 1981 1982 1983 1984 1985*
Daily egg production (10'2 eggs/day) (PA) 26.34 20.96 13.51 17.25 12.98 16.95
Egg mortality rate 2) 0.45 0.14 0.16 0.18 0.17 0.29
Average female weight (g) W) 17.44 13.37 18.83 11.20 12.02 14.50
Batch fecundity (eggs) (F) 7,751 8,329 10,845 5,297 5,485 7,343
Spawning fraction (0] 0.142 0.106 0.120 0.094 0.160 0.120
Female fraction (R) 0.478 0.501 0.472 0.549 0.582 0.609
Daily specific fecundity (10° eggs/day/MT) 30.28 33.03 32.53 24.35 42.43 37.00
Specific batch fecundity (eggs/g) (FIW) 444 623 576 473 456 506
Spawning biomass (10° MT) (B) 870 635 415 652 309 522°
Coef. of variation for (B) 0.26 0.22 0.06 0.21 0.17 0.19*
Calif. Dept. Fish and Game 498 493 233 461 479 627
acoustic biomass estimate to to to to to to
(10° MT) 598 591 247 504 560 753¢

“Does not include San Francisco area
®Includes San Francisco
“Does not include Mexican portion of anchovy population

and southward than in any other survey year. He also
reported that the bulk of the population was “located in
an arc of 80 miles west to south, and 30 miles east to
south of San Clemente Island.” This is where our
survey found the greatest density of anchovy eggs (Fig-
ure 1). Mais calculated the total biomass of anchovies
(not spawning biomass) to be 627,000-753,000 MT in
U.S. waters off southern California. This is up 30.8%-
34.5% from his results of 1984. He concludes that
the 1985 estimate is the highest in five years and
that it would have been higher if the proportion of the
anchovy population located in Mexican waters been
included.

In previous years the survey area was divided into
regions in order to reduce the variance of the param-
eters and the variance of the biomass estimate (Pic-
quelle and Hewitt 1983; Hewitt 1984). The regionali-
zation was indicated because there were significant
differences in one or more parameters between
regions. There is no indication that regionalization
would have reduced the variance of this year’s
estimates.

Anchovy eggs were found much farther offshore
than in any year since the egg production method
surveys began in 1980. A large number of eggs far off-
shore may have been missed by our survey. As
mentioned earlier, if a significant number were missed,

there would be a downward bias in our biomass esti-
mate.
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THE RELATIVE MAGNITUDE OF THE 1985 PACIFIC SARDINE SPAWNING
BIOMASS OFF SOUTHERN CALIFORNIA
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ABSTRACT

The spawning biomass of the Pacific sardine off
southern California during 1985 is considered to be at
least 20,000 short tons'. This determination was made
using an inverse egg production or “egg production
area” method, which estimates the area over which a
specified spawning biomass (20,000 tons) would be
expected to occur. Our survey had a 95% probability of
detecting the spawning area within the survey area if at
least 20,000 tons of adults were present. This method
was developed from the egg production method,
which estimates adult biomass from measurements of
egg production in the spawning area and from the egg
production rate of the adult population. Using esti-
mates of the components of egg production and spe-
cific fecundity for sardines from previous studies, we
predicted that 20,000 tons of spawning biomass would
cover a spawning area of about 500 n.mi’.

A total of 86 sardine eggs was collected at 11 of 419
stations during the May 1985 survey, which ranged
from San Diego to Point Conception and extended
from within one mile of the coast to approximately 80
miles offshore. Spawning occurred mainly along the
Santa Barbara/Ventura coast and covered an estimated
670 n.mi’. A total of 1,170 anchovy eggs and 266 an-
chovy larvae were found at 114 and 69 of the stations,
respectively.

As provided by state law when the sardine biomass
reaches 20,000 tons, a 1,000-ton fishery for sardines
was opened on January 1, 1986. This is the first di-
rected fishery allowed for California sardines since a
moratorium on sardine fishing was enacted in 1974.
Adult reproductive parameters and egg survival must
be determined for absolute biomass estimation.

RESUMEN

La biomasa de desove de la sardina del Pacifico
frente al Sur de California fue estimada en por lo menos
20,000 toneladas cortas (1 tonelada corta = 0.907

[Manuscript received February 14, 1986.]

! Commercial landings, tonnages specified in legislation, and tonnages in this paper
are reported in short tons.

PAULE. SMITH

National Marine Fisheries Service
Southwest Fisheries Center
P.O. Box 271
La Jolla, California 92038

toneladas métricas) en 1985. Esta determinacién fue
hecha por medio del método inverso de produccion de
huevos o “drea de produccion de huevos.” Este método
estima el 4rea en la cual una biomasa de desove dada
(20,000 toneladas) supuestamente tendrd lugar.
Nuestro estudio permitirfa localizar el drea de desove
dentro del 4rea de estudio con un 95% de probabilidad
si hubieran, al menos, 20,000 toneladas de adultos.
Este método estd basado en el método de produccion de
huevos el cual evalia la biomasa de adultos a partir
de medidas de la produccién de huevos en el area de
desove, y de la tasa de produccién de huevos por la
poblacidn de adultos. Sobre la base de estudios previos
sobre la produccion de huevos y la fecundidad especi-
fica de las sardinas, se pronostican 20,000 toneladas de
biomasa de desove en un drea de desove de alrededor
de 500 mi.n%

Se colectaron 86 huevos de sardinas en 11 de 419
estaciones ubicadas entre San Diego y Point Concep-
tion, y que se extendian entre 1 y aproximadamente 80
millas mar afuera, durante mayo de 1985. El desove
ocurri6 a lo largo de la costa entre Santa Barbara y Ven-
tura principalmente, cubriendo un 4rea estimada en
670 mi.n> Se encontraron 1,170 huevos y 266 larvas de
anchoveta en 114 y 69 de las estaciones, respecti-
vamente.

De acuerdo con la legislacion estatal, cuando la bio-
masa de sardina alcanzd 20,000 toneladas, se abrié una
pesqueria para 1,000 toneladas de este recurso el 1° de
enero de 1986. Esta es la primera pesqueria dirigida
que se permite para las sardinas de California desde la
implementacion, en 1974, de una veda de esta pes-
queria. Para obtener una estimacién absoluta de la bio-
masa, los pardmetros reproductivos de los adultos y la
sobrevivencia de los huevos deben ser determinados.

INTRODUCTION

This report assesses the 1985 spawning biomass of
the Pacific sardine. Legislation closing the sardine
fishery in 1974 requires the Department of Fish and
Game to determine annually whether the spawning
biomass is more than 20,000 tons. This legislation im-
poses a moratorium on fishing sardines while the bio-
mass remains below 20,000 tons and allows a 1,000-
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ton fishery when the biomass exceeds this level.
Earlier assessments of the sardine spawning biomass
were based on ichthyoplankton surveys, aerial obser-
vations, trawl surveys, and incidental landings in
mackerel and live bait fisheries, and have shown signs
of increase since 1980 (Wolf 1985; Klingbeil and Wolf
1984; Klingbeil 1981, 1982, 1983).

Because the sardine population appeared to in-
crease, a quantitative method for detecting recovery
and determining whether the biomass had exceeded
20,000 tons was required. Estimates of the sardine
population biomass during the fishery were based on
analysis of catch and age data (Murphy 1966; MacCall
1979). The egg production method (Parker 1980) is
currently used to estimate spawning biomass of ancho-
vies off California (Picquelle and Hewitt 1983) and an-
chovies and sardines off Peru (Santander et al. 1982).
However, available methods of biomass estimation are
not applicable at low biomass levels; the cost and effort
necessary to achieve meaningful levels of precision are
too high.

We developed the egg production area method to al-
low a cost-efficient, quantitative determination of the
relative magnitude of spawning biomass while levels
remain low. Details of the method and survey design
are described by Wolf and Smith (1985). Here we ap-
ply the egg production area method to assess the rela-
tive magnitude of the sardine spawning biomass during
1985.

EGG PRODUCTION METHOD

The egg production method estimates spawning
biomass as

_ fw
B =P,Apre

where B = spawning biomass (MT)
P, = daily egg production, number of eggs
produced per 0.05 m? of sea-surface area,
W = average weight of mature females (g),
R = sex ratio, fraction of population that is
female, by weight (g),
F = batch fecundity, number of eggs spawned
per mature female per batch,
S = fraction of mature females spawning per
day,
A = total area of survey (0.05 m?), and
k = conversion factor from grams to metric
tons.

This method was derived by Parker (1980), and applied
by Picquelle and Hewitt (1983, 1984) and Hewitt
(1985) to estimate northern anchovy biomass.
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EGG PRODUCTION AREA METHOD

In the egg production method, daily egg production
and population fecundity parameters are measured dur-
ing the survey. An exponential mortality model is fit to
counts of aged eggs, and P, is estimated by extrapolat-
ing back to the number of eggs at the time of spawning.
Parameters W, F, S, and R are estimated from samples
of adult fish collected during the survey.

In the egg production area method, the spawning
biomass is specified and the equation solved for A;:

A = B\RFSm
YT PR W
where A, = spawning area of biomass B, in nautical

miles?,

B, = spawning biomass, in short tons,

k, = conversion factor from grams to tons,

m = conversion factor from 0.05 m? to nautical
miles?.

The procedure for estimating sardine spawning area
differs from that used for anchovy? in that occasional
stations with no eggs are incorporated for anchovy: a
slight increase in area is compensated by a slight de-
crease in mean abundance of eggs. For the sardine
spawning area estimate, only stations with eggs are in-
cluded. We assumed that an area represented by a
single sample is not entirely covered, but that this is
compensated by the fact that eggs might be present
in another area represented by a sample containing
no eggs.

We used information from previous studies to esti-
mate the parameters, P,, W, F, S, and R for sardines
rather than collecting measurements during the survey.
These values (Table 1) are not known or have not been
measured recently for California sardines; we adapted
existing information concerning sardines and related
species (Wolf and Smith 1985).

Estimates of daily egg production for sardines and
anchovies off Peru® indicate that egg production rates
are lower for sardines than for anchovies by a factor of
1:2. We applied this relationship to annual estimates
from 1980 through 1984 (Hewitt 1985) of daily egg
production rates for anchovies (approximately 10 eggs/
0.05 m?) to obtain an estimate of sardine daily egg pro-
duction of about 5 eggs/0.05 m? Historical CalCOFI
egg surveys yielded an estimated California sardine
daily egg production rate of approximately 1.5 eggs/
0.05 m?. This value is thought to be low, however, be-

* Lasker, R. (ed.) MS. An egg production method for estimating spawning biomass of
pelagic fish: application to the northern anchovy (Engraulis mordax).

*Smith, P.E., H. Santander, and J. Alheit. MS. Comparison of the mortality and dis-
persal of sardine (Sardinops sagax sagax) and anchovy (Engraulis ringens) eggs off
Peru.
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TABLE 1
Parameters Used to Estimate Spawning Area, and Resulting Estimates
B, w R F P, S A
Spawning biomass  Average female Sex ratio Batch fecundity ~ Egg production ~ Spawning fraction  Spawning area

(short tons) weight (g) (females/total) (eggs/batch/ (eggs/.05m>-day) (spawning females/ (nautical miles®)
female) total females)

20,000 120 0.5 32,000 5.0 0.02 141
0.05 353

0.10 706

0.15 1,058

1.5 0.02 470

0.05 1,176

0.10 2,352

0.15 3,528

cause the sampling technique (oblique tows instead of
vertical tows) may have overestimated the surface area
of water sampled. Both values of P, were used (Table
1). Average weight of mature females, W, was esti-
mated to be 120 grams, and batch fecundity, F, was es-
timated at 32,000 eggs (MacGregor 1957). The female
fraction of the population by weight, R, was assumed
to be half. Spawning fraction, S, for other pelagic spe-
cies ranges from 0.02 females spawning per day
(spawning once every 50 days) for Pacific sauries
(Hatanaka 1956) to 0.14 females spawning per day
(spawning once every 7 days) for anchovies (Hunter
and Macewicz 1980). Spawning fraction for sardines
off Peru (J. Alheit, Instituto del Mar del Perd, pers.
comm.) and for sardines off the west coast of Baja Cal-
ifornia (J.R. Torres-Villegas, CICIMAR, unpublished
data) has been estimated at about 0.06 females spawn-
ing per day. The range values of § was used (Table 1).

The calculated area, A, over which 20,000 tons of
Pacific sardines could be expected to spawn ranges
from 141 to 1,058 n.mi.?, for an estimated daily egg
production rate of 5 eggs/0.05 m? and an estimated
range of values for spawning fraction, and from 470 to
3,525 n.mi.? for a daily egg production rate of 1.5 eggs/
0.05 m? and the same range of values for spawning
fraction (Table 1). With available information, we con-
sider the higher value of P,—5.0 eggs/0.05 m*—and a
value of § ranging between 0.05 and 0.10 females
spawning per day to be the best estimates of these pa-
rameters for sardines. Therefore, 500 n.mi.? was se-
lected as a useful estimate of A,.

SURVEY DESIGN

The survey area and time of year over which sardine
spawning would be likely to occur were determined
from occurrences of sardine eggs and larvae in histori-
cal CalCOFI survey data (Wolf and Smith 1985). The
critical spawning area, A,, estimated at 500 n.mi.?,
was approximately 2% of the survey area, which in-

cluded CalCOFI regions 7 and 8 and covered an esti-
mated 32,000 n.mi.? (Smith et al. 1976). Using a table
for determining confidence limits of a proportion (Na-
trella 1963), we determined the number of stations
(374) representing the minimum effort required to lo-
cate the spawning area within the survey area, with a
high probability (95%) of detecting the spawning area
if 20,000 tons of spawning adults were actually pres-
ent. The stations were spaced 4 n.mi. apart offshore
and 10 n.mi. apart alongshore according to standard
anchovy egg production procedures. Because each sta-
tion represents 40 n.mi.?, the calculated spawning area
that 20,000 tons of sardines would cover was expected
to contain 12 or 13 positive stations.

SURVEY DESCRIPTION

The survey was conducted by NOAA ship David
Starr Jordan from April 29 through May 19, 1985. Sta-
tions were occupied from south to north, beginning at
San Diego and ending at Point Sal, and extending off-
shore an average distance of about 80 miles (Figure 1).
Plankton samples were collected at 419 stations using a
25-cm-diameter CalVET (vertical egg tow) net of 150-
micron mesh that was retrieved vertically from 70 m
(when depth allowed) to the surface. Samples were
collected at all hours. No stations were occupied in es-
tablished shipping lanes.

Sardine and anchovy eggs and larvae were identi-
fied, sorted, and counted. A total of 86 sardine eggs
occurred at 11 stations, with the number of eggs per
station ranging from 1 to 42 (Figure 2). Most of the
positive stations occurred along the coast near Santa
Barbara, and in the eastern portion of the Santa Barbara
Channel, from Port Hueneme to Anacapa and Santa
Cruz islands. Two positive stations occurred off New-
port Beach. Sardine larvae occurred at 10 stations, in
approximately the same areas.as eggs. Eggs and larvae
in combination occurred at 16 stations.

Evidence of anchovy spawning (1,710 eggs and 266
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Figure 1. Stations occupied during sardine survey, May 1985.

larvae at 114 and 69 stations, respectively) was consid-
erably more common but occurred in different arcas
than sardine spawning. Anchovy eggs and larvae were
concentrated mostly in the southern portion of the sur-
vey near San Diego.

Two of the samples had to be discarded because of
inadequate preservation. Neither were adjacent to or
near stations at which sardine eggs occurred (Figure 2).

SPAWNING AREA

Spawning area was determined by multiplying the
number of egg-positive stations by the area represented
by each station (40 n.mi.?). Some stations that were
positive for sardine eggs were adjacent to areas that
were not sampled, either because the area occurred in
the shipping lanes or was close to shore and aligned in
such a way that the station plan did not call for a sam-
ple. In order to consider these areas in the spawning
area estimate, we adjusted the area of positive stations
adjacent to an unsampled area to include half of the ad-
jacent unsampled area, averaged along lines in order of
station occupation and estimated by eye. The area of
positive stations too near to shore to include an entire
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40 n.mi.> were also adjusted to reflect the portion of the
4 by 10 n.mi.? actually sampled.

An unadjusted estimate of the spawning area equals
440 n. mi*. An estimate of the spawning area adjusted
as described above is 670 n.mi.? (Figure 2). Both of
these estimates are within the range of spawning area
calculated for 20,000 tons of spawning biomass of
sardines and are close to the selected estimate of A,
(Table 1).

DISCUSSION

The egg production area method allows detection
of the onset of sardine recovery and provides an ob-
jective, quantitative technique for determining the
relative magnitude of spawning biomass. This is parti-
cularly useful when the management plan requires de-
termining whether a specified spawning biomass level
has been exceeded, but either the level to be ascer-
tained remains low enough that developing a direct
estimate with reasonable precision is cost- and effort-
prohibitive, or information beyond the relative magni-
tude of biomass is unnecessary.

Because the spawning area observed during the sur-
vey was close to that predicted for 20,000 tons of adult
sardines, the spawning biomass of sardines off Cali-
fornia is considered to be at least 20,000 tons in 19835,
As specified by state law, this determination allowed
the initiation of a 1,000-ton fishery in January 1986.
The provision for a fishery was included in the 1974
moratorium legislation because of concern that a total
moratorium would preclude detecting the onset of re-
covery. Also, simulations of a 5% fishery at that bio-
mass level projected no deleterious effects (W. Lenarz,
NMES, Tiburon, pers. comm.). MacCall’s (1979) esti-
mates of apparently lower recruitment rates at low bio-
mass levels suggest that Lenarz’s projections may be
optimistic.

The large range of values calculated for A, resulted
from using a range of values to estimate parameters P,
(daily egg production rate) and S (spawning fraction).
These parameters are not known for Pacific sardines.
Two other parameters—W (average female weight)
and F (batch fecundity)—were estimated from sar-
dines taken from the 1945-46 commercial catch. The
average monthly mean weight of mature female sar-
dines occurring incidentally with mackerel during
1985 was 142 grams. As discussed below, all of the
components of egg production and specific fecundity
are dynamic and have been shown to vary from year to
year for northern anchovy (Hewitt 1985). Daily egg
production rate and spawning fraction must be deter-
mined for Pacific sardines; the adult parameters should
be obtained simultancously. The egg production area
method, however, uses historical information.



WOLF AND SMITH: MAGNITUDE OF SARDINE SPAWNING BIOMASS

CalCOFI Rep., Vol. XXVII, 1986

120

34 -

33 o* o

. CONCEPTION

Figure 2. Number of eggs per station and location of stations that contained sardine eggs. Rectangles outline 4-by-10-n.mi.2 areas represented by each station to
illustrate spawning area adjustment. Shaded area is adjusted sardine spawning area. Open circles are discarded samples.

Several other sources provide additional informa-
tion concerning the status of the adult Pacific sardine
population during 1985. Incidental landings of sar-
dines with mackerel during 1985 totalled 652 tons, the
largest annual take in 20 years (“Review of Some Cali-
fornia Fisheries for 1985, this volume). Sardines have
become increasingly more common in mackerel land-
ings, occurring in 50% of observed landings in 1985
compared to 30% in 1984. Catch length frequencies of
incidental sardines show a trend from 1983 through
1985 of a broader length distribution, indicating re-
cruitment in 1985 (Figure 3). Sardines from the 1985
year class were detected in early 1966 in Monterey
Bay, indicating that spawning occurred north of Point
Conception and beyond the range of the survey. Sar-
dines ranked first in biomass and third in abundance in
purse seine hauls from Long Beach Harbor during 1983

and the first half of 1984 (C. Mitchell, MBC Applied
Environmental Sciences, pers. comm.). No detectable
trend, however, was observed in the mean number of
sardines captured by purse seine off San Onofre from
1983 through 1985 (E. DeMartini, UCSB Fish
Program, pers. comm.).

The abundance of sardine eggs and larvae in four
nearshore ichthyoplankton transects in the Southern
California Bight increased two to three orders of mag-
nitude from 1978-79 through 1982-84, and sardines
ranked third in overall abundance during that period
(R.J. Lavenberg, Los Angeles County Natural History
Museum, pers. comm.). From 1978 through 1984,
monthly mean numbers of sardine larvae in coastal
waters near San Onofre increased steadily (W. Watson,
Marine Ecological Consultants of Southern California,
pers. comm.). Both of these studies indicate that a sub-
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Figure 3. Catch length frequencies of sardines landed incidentally with
mackerel in 1983, 1984, and 1985. Mean weights of modal length classes for
each year are: 1983, 130 g, 205-209 mm SL; 1984, 147 g, 210-214 mm SL;
1985, 143 g, 205-209 mm SL.

stantial portion of sardine spawning in recent years has
occurred relatively near to shore (within the 75-m con-
tour) and during summer and fall.

Although the limited interpretation of the 1985 sur-
vey is conclusive in the original objectives relative to
20,000-ton spawning biomass, we resist broadening
these few results for a biomass estimate or fishery
quota. The spawning area of 670 n.mi.? is nearly iden-
tical to the 500 n.mi.? criterion adopted for this tech-
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nique. This means that any deviation from the assumed
adult parameters could change the evaluation. Another
critical feature is that we can estimate only the standing
crop of eggs from this small set, not the egg produc-
tion. The two unevaluated factors are mortality rate of
the eggs and the precision of the intercept estimate. Fu-
ture surveys must quantify the mortality rate and the
frequency distribution of eggs.

The estimated mean of positive samples in the 1985
survey is high relative to samples of the 1930s to 1950s
(Table 2). It appears that the high value is due to the
chance encounter of more observations with high
values. We believe the cause of this difference is
technical rather than biological, although this cannot
be determined from these few samples. It is important
to note that all the other distributtons result from
oblique or horizontal tows and that the new results are
from a vertical tow. The scale of the integration is 25
cm for the CalVET net and on the order of meters for all
but one of the other nets, and kilometers for the high-
speed net used in 1950. The smaller CalVET net will
have a greater probability of sampling zero eggs. Also,
the sampling threshold of the CalVET net (1 egg in a
CalVET is equivalent to 50 eggs in a 1-m oblique tow)
might cause the lower end of the frequency distribution
of egg densities to be undersampled. Both of these
characteristics would cause the mean observed density
of positive samples to be inflated. This would imply
that the entire area of sardine spawning was not
detected and that 20,000 tons is a conservative
estimate.

The high mean value could also result from a lower
than normal mortality or higher than normal per capita
egg production rate, which would imply a lower
spawning biomass. These biological factors will all
have to be separately assessed for the absolute biomass
to be estimated from egg production rates.

Analogous data from the anchovy egg production
procedure indicate the great importance of the adult
sampling effort for biomass estimation. If the interval
between batches of eggs is long, for example 20 days,
the ratio of gonads with evidence of spawning in the
previous day is only 5%. This ratio would require
many independent samples to precisely determine the
spawning fraction. Individual samples of anchovy fe-
males range from 0% spawning to over 40% when the
mean is 15%. Thus the overall precision of spawning
biomass estimates may be determined by the ability to
obtain a sufficient number of independent samples of
adult females.

In summary, at least one more year of field and
laboratory work on additional egg samples and adult
collections will be required before the procedure for an
absolute biomass estimate can be designed.
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TABLE 2
Pacific Sardine Egg Sample Frequency Distributions at Different Levels of Spawning Biomass?

Net types and years

_#/10m? CalVET CF&G 2-m I-m 0.5-m Hi-speed I-m
x In@ 1985 1931-32 1941 1941 1950 1959
125 —2.08 _» 2 _ — — —_
5 —0.69 — 4 — — — —
2 0.69 — 6 21 — — 28
8 2.08 — 7 2 8 - 28
32 3.47 — 14 16 5 — 30
128 4.85 4 12 31 29 77 23
512 6.24 4 13 27 14 20 12
2,048 7.62 2 5 17 10 7 5
8,192 9.01 1 2 3 2 I 4
Estimated
mean 1,564 544 569 619 406 410
Biomass (MT)¢ 0.02 39 2.7 2.7 1.0 0.2

4(Smith and Richardson 1977)
®Value below sampler threshold
‘(Murphy 1966)
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ABSTRACT

Between June 1978 and December 1984, tempera-
ture, salinity, and nutrient profiles, and data on total
zooplankton biomass were collected monthly or bi-
monthly at nearshore stations (8-m to 75-m isobaths)
throughout the Southern California Bight. Primary
transects were located off Ormond Beach, Playa del
Rey, Seal Beach, and San Onofre. Seasonal warming
and cooling of nearshore water were generally co-
herent throughout the bight except near headlands
where local upwelling plumes slowed spring warming
by 1-2 months. Nitrate and nitrite were low throughout
the water column from late summer through winter, ex-
cept when strong downcoast winds caused coastal
upwelling and strong cross-shelf gradients. During
spring and early summer, mesoscale upwelling or
longshore advection increased nutrient levels; summer
thermoclines were underlain by cool, nitrate-rich
waters that may be an important source of nutrients for
the nearshore biological community. During spring
and early summer, zooplankton biomass usually had a
cross-shelf maximum at the 15-m to 36-m isobaths.
Unusually warm water, as part of the 1982-83 El Nino
phenomenon, was observed throughout the bight, with
maximum anomalies occurring in fall 1983. Anoma-
lously warm water persisted through most of 1984.
Zooplankton biomass declined during 1983 and 1984,
presumably in direct response to El Nifio conditions or
from reduced primary productivity. Our results and
studies by others suggest that tidal mixing, internal
waves, and local upwelling are important processes
that distinguish the inner continental shelf of the
Southern California Bight from waters farther off-
shore.

RESUMEN

Los parametros hidrograficos temperatura, salini-
dad, y nutrientes, y la biomasa total de zooplancton
fueron muestrados mensual o bimestralmente entre
Jjunio de 1978 y diciembre de 1984 en varias estaciones
costeras (8-75 m de profundidad) en la Bahia del Sur de
California. Las estaciones principales estdn ubicadas
frente a Ormond Beach, Playa del Rey, Seal Beach, y
San Onofre. El calentamiento y enfriamiento estacio-
nal de las aguas costeras fue observado en toda la
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bahfa excepto en aquellas dreas donde, a causa del
relieve costero, eventos locales de surgencia retrasan
en 1-2 meses el calentamiento primaveral.

Las concentraciones de nitratos y nitritos en la
columna de agua fueron bajas en el periodo correspon-
diente a fines del verano y el invierno, excepto cuando
los vientos fuertes, paralelos a la costa, indujeron
afloramientos costeros y fuertes gradientes de con-
centracion ubicados en forma perpendicular a la costa.
Durante la primavera y comienzos del verano, los
procesos de afloramiento costero o adveccidon aumen-
taron las concentraciones de nutrientes. Debajo de la
termoclina estival, se extendian aguas frias, ricas en
nutrientes las cuales pueden ser una importante fuente
de nutrientes para la comunidad biolégica costera.
Durante este mismo periodo, la biomasa de zooplanc-
ton present6 un maximo entre 15 y 36 m de profun-
didad.

Aguas anémalamente calientes fueron observadas
en la bahia durante el fenémeno de El Nifio de 1982-83,
y las anomalias maximas fueron detectadas en el otofio
de 1983. Estas aguas andmalas estuvieron presentes en
la bahia durante la mayor parte de 1984. La biomasa de
zooplancton disminuyé durante 1983 y 1984,
probablemente como una respuesta directa a las con-
diciones vinculadas con El Nifo o debido a una
produccién primaria reducida. La mezcla por la accién
de las mareas, las ondas internas, y los afloramientos
costeros parecen ser los procesos que diferencian las
aguas de la plataforma continental de la Bahia del Sur
de California de las aguas ubicadas mar afuera.

INTRODUCTION

Nearshore current patterns, upwelling, and mixing
processes make the zone within approximately 20 km
of the coast of southern California a different marine
environment from waters farther offshore. The
California Current brings cool, low-salinity water
south past Point Conception into the Southern
California Bight (Jones 1971; Tsuchiya 1980). During
April and May, this current extends farthest inshore,
and flow throughout the bight is to the south (Jones
1971). During other months, a large counterclockwise
gyre exists in the bight, with the southward-flowing
California Current offshore and the northward-flowing
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Southern California Countercurrent (SCC) inshore of
the Channel Islands. However, a narrow nearshore
current often exists within 10-20 km of the mainland
California coast, distinct from the SCC (Tsuchiya
1980). Long-term surface flow of this nearshore
current, ranging to 10 cm/s, is to the south, although
near-bottom water flows northward during spring and
summer (Winant and Bratkovich 1981).

Upwelling along the southern California coast has
been recognized as an important process that transports
deep, nutrient-rich water to the surface and thus in-
creases local and regional productivity (e.g., Yoshida
1955; Jones 1971; Kamykowski 1974; Tont 1976;
Eppley et al. 1979a; Dorman and Palmer 1981; Huyer
1983; Dykstra et al. 1984). Mesoscale upwelling, on a
scale of hundreds of kilometers, is strongest from April
to June (Jones 1971; Huyer 1983), when seasonal
winds blow from the northwest, causing mass offshore
transport of surface water through Ekman veering and
replacement of nearshore surface water with deep
water. Upwelling on this scale affects water conditions
throughout the Southern California Bight; its influence
on temperature and productivity are readily seen in
satellite images (Lasker et al. 1981; Fiedler 1983,
1984). The region south of Point Conception is an area
of especially intense upwelling on this scale (Fiedler
1983). Local coastal upwelling, which occurs within
approximately 20 km of the shore, appears to be a major
factor influencing water conditions on the inner part of
the continental shelf. Dorman and Palmer (1981)
summarized much of the information on coastal up-
welling off southern California and described the
frequency and geographic extent of summer upwell-
ings. They found that strong coastal upwelling events,
with temperature drops over 5°C, tend to occur twice
each summer and are forced by local wind blowing
downcoast. Stations from Balboa to San Diego ex-
perienced coastal upwelling simultaneously; areas
farther north also had summer upwelling, but these
events did not necessarily coincide with strong upwel-
ling in the southern part of the bight. Upwelling events
were highly correlated with strong downcoast winds
(Dorman and Palmer 1981), which did not have the
same intensity or direction at Los Angeles and San
Diego. Downwelling events, associated with north-
ward-moving tropical storms, tend to occur once or
twice each summer (Winant 1980).

Increased tidal action on continental shelves (Riley
1967) and frequent internal waves off southern Cali-
fornia (Armstrong and LaFond 1966; Cairns 1967;
Zimmerman and Kremer 1984) also seem to be im-
portant mechanisms causing vertical and horizontal
mixing, particularly within 40-50 km of the coast
(Yoshida 1955). Nutrient transfer into the euphotic

zone is probably the most important consequence of
these mixing processes. Zimmerman and Kremer
(1984) found seasonal and twice-daily components of
nutrient availability near Santa Catalina Island.
Frequent upward excursions of cold, nutrient-rich
water were of short duration but may be important to
some shallow-water species such as kelp, particularly
during periods of very low nutrient concentrations
(Zimmerman and Robertson 1985).

Freshwater flow from rivers and streams into the
Southern California Bight is small, and rainfall is only
25-40 cm/yr; thus terrigenous nutrient input is general-
ly low except during occasional winter storms. Large
sewage outfalls are located at Santa Monica Bay, Palos
Verdes Peninsula, Huntington Beach, and Point Loma,
with total flows of 0.5 X 10° to 1.4 X 10° m*day
(Meistrell and Montagne 1983). Other potential
sources of nutrient input include tidal and subtidal flux
of groundwater (Johannes 1980), refinery outfalls, and
significant in situ regeneration (Harrison 1978; Eppley
and Peterson 1979; Eppley et al. 1979b; Barnett and
Jahn, in press). Nutrient input from these sources may
be significant at specific sites or times.

Few long-term studies of physical and biological
oceanography have been conducted in the nearshore
habitat off southern California. Some exceptions are
studies of temperature and currents near the shore
(e.g., List and Koh 1976; Tsuchiya 1980; Winant and
Bratkovich 1981), as well as work by Eppley and co-
workers, who have examined nutrients and primary
productivity in the Los Angeles to San Diego region.
Most data collected within 20 km of the coast have
been from shore monitoring stations (e.g., National
Ocean Survey, Scripps Pier) or through short-term
projects that address specific biological or physical
questions (e.g., Cairns and Nelson 1970; Kamykowski
1974; Eppley et al. 1978; Fiedler 1983; Dykstra et al.
1984). In contrast, the CalCOFI program has been
collecting physical, chemical, and biological data
since 1949 in a grid off California and Baja California,
Mexico (approximately 20-400 km from shore). The
extensive CalCOFI data base has been used in studies
of zooplankton (e.g., Fleminger 1964; Colebrook
1977), physical and biological interactions in the
California Current (Bernal and McGowan 1981;
Chelton et al. 1982), larval fish populations (e.g.,
Ahlstrom 1969; Smith and Lasker 1978; Loeb et al.
1983) and many other topics. Long-term data series,
similar to the CalCOFI data set, should be valuable in
understanding the coupling of biological and physical
processes in the shallow nearshore zone (see Denman
and Powell 1984).

This report presents physical, nutrient, and zoo-
plankton biomass data collected in the nearshore zone
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of the Southern California Bight. Longshore and cross-
shelf patterns will be described, and physical processes
that may have caused observed patterns will also be
considered. Interaction of local and oceanic processes
in the Southern California Bight in determining near-
shore conditions will also be discussed. “Nearshore”
refers to the narrow coastal band between the 8-m and
75-m isobaths—roughly 1-20 km from the shore.
“Offshore” means the region of ocean between 20 and
400 km off southern California—the area regularly
sampled by CalCOFI. Some general descriptions of
currents, temperature variation, and coastal upwelling
in offshore waters of the Southern California Bight
may be found in Sverdrup and Fleming (1941), Jones
(1971), Hickey (1979), Tsuchiya (1980), and Dorman
and Palmer (1981).

METHODS

Physical-chemical and zooplankton data were
collected in conjunction with a program to monitor
nearshore ichthyoplankton distributions in southern
California waters (Lavenberg et al. 1986). Ten tran-
sects, from Point Conception to the U.S.-Mexican
border, were sampled monthly from June 1978 to July
1979 (Brewer et al. 1981). Between August 1979 and
July 1980, 20 transects, including the 10 of the
previous year, were also sampled monthly (Figure 1).
Coordinates and descriptions of these early transects
can be found in Brewer and Smith (1982). Sampling
was sporadic from August 1980 until February 1982,
when bimonthly sampling on four transects began
(Figure 1; Table 1). Most data presented in this report
were collected during 1982-84, although some tem-
perature and salinity measurements from 1978 to 1980
are included.

During the first 26 months of the program (1978-
80), two to four stations per transect were occupied (8-,
15-, 22-, and 36-m isobaths). Beginning in 1982, a
fifth station at the 75-m isobath was added on each
transect. Coordinates for the twenty stations occupied
during 1982-84 are listed in Table 1. Temperature,
salinity, oxygen, pH, nitrate, nitrite, ammonium,
phosphate, and silicate data were collected from sur-
face and depths of 2, 4, 6, 8, 10, 15, 22, 30, 36, 50, 70,
and 75 m.

Temperature was measured with a Martek water
quality analyzer (Mark IV) or reversing thermometers
attached to Niskin bottles, which collected water
samples from discrete depths. Water samples from
depth were analyzed on board for salinity (Beckman
induction salinometer model RS7-C), dissolved
oxygen (Yellow Springs Instruments model 51A), and
pH (Orion Research ion analyzer model 407A).
Nutrient samples were frozen at sea and later processed
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TABLE 1
Coordinates of Stations Occupied, 1982-1984
Transect Station
(CalCOFI line) (m) N. latitude  W. longitude
Ormond Beach 8 34°07.5' 119°16.6’
(84.7) 15 34°07.0’ 119°11.0'
22 34°06.6’ 119°11.7°
36 34°06.0’ 119°12.8’
75 34°04.5’ 119°11.9’
Playa del Rey 8 33°57.0' 118°27.1'
(86.8) 15 33°57.0' 118°27.9'
22 33°56.9' 118°28.6’
36 33°57.0’ 118°30.1’
75 33°57.2' 118°34.0"
Seal Beach 8 33°42.4' 118°04.3"
(88.4) 15 33°41.2' 118°04.8"
22 33°39.6’ 118°05.1’
36 33°37.3’ 118°05.7'
75 33°34.8’ 118°08.9’
San Onofre 8 33°21.7 117°33.8'
(90.9) 15 33°20.9’ 117°34.1'
22 33°20.4' 117°34.7
36 33°19.9’ 117°35.0’
75 33°18.5’ 117°35.6’

by the University of Southern California Ecosystems
Group using a Technicon autoanalyzer (model II).

Specific density (sigma-t) was calculated from
temperature and salinity data using formulae given in
Millero and Poisson (1981, 1982). Surface temperature
“anomalies” (STA) were calculated as the difference
between average cross-shelf temperature (8-m to 75-m
isobaths) and the long-term (20-24 years) surface
temperature for the day of the year at a nearby shore
station. Long-term daily temperatures were computed
from monthly means (Tekmarine 1983) by linear inter-
polation.

Wind-driven coastal upwelling was estimated by
using an index of mass transport, M(x) (Bakun 1975;
Bowden 1983), computed from average daily wind
speed. Wind data were from Los Angeles International
Airport (NOAA 1984) near the Playa del Rey transect.
Alongshore wind vectors were computed for the
Southern California Bight assuming a shoreline angle
of 129° from true north (Bakun 1975), and upwelling
indices were computed from these vectors. Shore angle
at the four major transects varies between 120° at
Ormond Beach and 135° at Seal Beach, so Bakun’s
shoreline angle was a reasonable approximation.

Zooplankton displacement volumes were estimated
from samples collected with 70-cm-diameter bongo
nets (333-micrometer Nitex mesh) that were towed
obliquely from the bottom to the surface (Brewer and
Smith 1982). Adult and large juvenile fishes, squid,
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Figure 1. Location and CalCOFI numbers for all transects sampled between 1978 and 1984 in the Southern California Bight.

octopuses, and large algae were removed from fixed
(buffered 5% Formalin) samples and were not con-
sidered in the volume estimates. Sample volume was
adjusted to a standard level, and zooplankton was re-
moved by draining the sample through 333-micro-
meter Nitex mesh. Using a buret, we added enough
Formalin to the Formalin filtrate to reach the standard
volume. The volume of Formalin added from the buret
equaled net zooplankton displacement volume.

RESULTS

Temperature and Salinity

Seasonal warming of surface waters during spring
and early summer was not synchronous throughout the
bight. At Ormond Beach, seasonal warming began
about 1-2 months later than at Playa del Rey, Seal
Beach, and San Onofre, whose cycles coincided
closely (Figure 2). Surface temperature in the near-

shore zone was highest in August for all years studied,
except 1983, when maximum temperatures were re-
corded during the October cruises (Figure 2). Annual
low temperatures generally occurred during January
or February, although unseasonably cold water,
corresponding to intense upwelling periods, was oc-
casionally encountered during spring or summer.
Seasonal minimum water temperatures occurred at
about the same time throughout the bight during any
given year (Figure 2).

A spring-summer thermocline has been described
for shallow water off southern California (Cairns and
Nelson 1970). Surface temperatures increased by about
1°-3°C at almost all stations between April and June
(Figure 2), probably as the result of solar warming and
reduced mixing. Temperature near the bottom of the
water column generally declined by a few degrees as
surface temperatures rose (see also Winant and Bratko-
vich 1981). During fall and winter, nearshore water
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Figure 2. Average cross-shelf surface temperature at major transects. Some
data points are hidden.

was well mixed, and temperature and salinity were
similar from the surface to the bottom.

Several anomalous (nonseasonal) warm and cool
periods can be identified in transect temperature
records collected between 1978 and 1984 (Figure 3).
During September 1979, surface temperature anomaly
(STA) was +3° to +4°C at all transects. During July
1980, temperatures were particularly low, being 2°-
4°C below average, except at Playa del Rey, where
temperatures were near the long-term average. Near-
shore temperatures were only slightly above normal in
the fall of 1982, and STAs during February 1933
ranged from +1.1°to + 1.8°C. Unusually warm water
was found during fall 1983 and again during spring and
summer 1984; surface temperature was near normal
during other periods. Of course, resolution of the start
and end of these phenomena is fairly coarse, being
limited by the sampling frequency of 30-60 days.

Temperature-salinity (T/S) relationships were ex-
amined to determine water mass origins, particularly
during the 1982-83 El Nino. We selected October for
comparison because the largest positive STA occurred
in October 1983 (Figure 3), indicating strong El Nifio
conditions. We used long-term averages of tempera-
ture and salinity from a shallow CalCOFI station
(approximately 200 m deep; number 90028 off Dana
Point) to construct a reference T/S curve (Figure 4).
During October 1979 and October 1984, temperature
(surface to 75 m) ranged from about 12°-20°C, and
salinity averaged around 33.8%oc. In October 1982,
temperature was similar to 1979 and 1984, but salinity
had declined to about 33.4%o. This reduced salinity
may have been caused by (1) diluted surface water
from a rainstorm that immediately preceded sampling
of the Playa del Rey and Ormond Beach transects, or
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Figure 3. Sea-surface temperature anomalies at major transects.

(2) movement of a low-salinity water mass into the
area, possibly from the north. During October 1983,
when surface temperature anomalies were greatest
(Figure 3), the overall temperature range had increased
about 2°C over 1979, 1982, and 1984. Salinity was as
low as 33.0%o0 in some samples collected in October
1983 (Figure 4), suggesting a different water mass dur-
ing this period. Mean salinities in the upper 50 m from
June-December 1984 cruises, and preliminary data
from 1985, were similar to “usual” (non-El Nifio pe-
riod) salinities, ranging from 33.53-33.78%o
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Nutrients

Because nitrogen is the principal limiting nutrient of
primary production in coastal waters, ammonium and
nitrate distribution patterns will be emphasized. En-
richment experiments have shown that nitrogen in-
creases algal growth and reproduction in the ocean,
with very dramatic increases on the continental shelf
(e.g., Ryther and Dunstan 1971; Eppley et al. 1979a;
Laws and Redalje 1979). Eppley et al. (1979a), work-
ing from 0.9-107 km off the coast of southern
California, demonstrated that nitrate is a major factor
regulating the standing stock and production of phyto-
plankton in the euphotic zone. Also, concentrations of
major nutrients (nitrate, phosphate, silicate, carbonate
carbon) and several trace metals are linearly related to
each other (e.g., Redfield et al. 1963). “Nitrate” values
reported here are nitrate plus nitrite; nitrite con-
centrations were generally much less than nitrate con-
centrations, usually 5%-20% of the total nitrate-plus-
nitrite value.

We calculated average ammonium and nitrate in the
upper 15 m of the water column to examine longshore
and temporal patterns. We selected the upper 15 m to
allow computations at four cross-shelf stations (15, 22,
36, and 75 m) and so all samples would be within the
euphotic zone (Jackson 1983). Station depth was not a
significant factor affecting these 15-m-deep averages
for nitrate (3-way ANOVA, depth not significant at P
=.05), so we averaged means from across the shelf.
Ammonium concentrations were significantly higher
(3-way ANOVA, P <.05 for station effect) at the 15-m
isobath (0.45 pg-atoms-1~') than at deeper stations
(0.37-0.38 pg-atoms-1~'). This cross-shelf differ-
ence was probably caused by inclusion of a “bottom”
datum in 15-m means at the !5-m station, since
ammonium concentrations have been shown to be
higher near the bottom (Eppley et al. 1979b; Barnett
and Jahn, in press). Since the cross-shelf ammonium
differences were relatively small compared to the ex-
pected precision of measurements in this range
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(approx. 0.1 wg-atoms:1 ~'; Eppley et al. 1979b), we
also averaged 15-m deep ammonium means across the
shelf.

Ammonium is an important source of nitrogen for
plant growth in the Southern California Bight,
representing about 40% of the sum of ammonium,
nitrate, and urea-N assimilation by phytoplankton
(McCarthy 1972; Eppley et al. 1979b). Ammonium
concentration is often low relative to other nitrogenous
forms because of its rapid recycling by phytoplankton.
Ammonium concentrations and patterns that we
observed were similar to results of other studies in the
nearshore zone of southern California (Eppley et al.
1979b; Bamett and Jahn, in press). Mean concentra-
tion of ammonium between mid-1982 and December
1984 was 0.39 pg-atoms-l ~1! and there was no
obvious seasonal pattern (Figure 5). Highest con-
centrations (2-3 pg-atoms-1 ') were observed within
Santa Monica Bay in December 1982 and February
1983, although concentrations up to 5-20 pug-
atoms-1 ~! were observed by Eppley et al. (1979b) in
this area in 1974-77. These differences were probably
the result of station location within Santa Monica Bay
and local current patterns, since sewage and refinery
wastes were suggested sources of high ammonium
concentrations in 1974-77 (Eppley et al. 1979b).
Lowest ammonium levels were observed at three of the
four transects in October 1983, during a period of un-
seasonably warm water (Figures 2 and 3).

Nitrate concentrations were often less than 1.0 pg-
atoms:1~! at the surface (Figure 6), except during
periods of strong upwelling. Such low concentrations
in surface waters have been noted previously (e.g.,
Eppley et al. 1979a; Zimmerman and Kremer 1984)
and may be a result of phytoplankton’s rapid use of
nitrate within the euphotic zone. Macroalgae, such as
the giant kelp (Macrocystis pyrifera), are also a large
sink for nutrients in the littoral zone (Jackson 1977).
Profiles of nitrate at Seal Beach (Figure 6) were typical
of profiles at the other three transects and will therefore
be used to describe the general onshore-offshore and
seasonal trends. Between August 1982 and February
1983, nitrate profiles along the Seal Beach transect
were similar, with low concentrations throughout the
water column at the inshore stations (8-36 m). Profiles
at 75 m had low levels down to about 40 m and a signi-
ficant nitrate pool (bottom cencentrations to 15.5 pg-
atoms-1 ') below 40 m (Figure 6). During the April
and June 1983 cruises, the nitracline became
shallower, and high nitrate concentrations were thus
observed near the bottom at the 75-, 36-, and 22-m
isobaths.

Nitrate levels were low from the surface down to at
least 75 m during late summer to early winter of 1983.
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Figure 5. Average ammonium in the upper 15 m at major transects. Each point
is a cross-shelf average of 15-m, 22-m, 36-m, and 75-m stations.

The nitracline observed during August to December
1983 was deeper, and therefore the nutrient pool was
farther offshore than during the same period of 1982.
Sampling at Seal Beach during February 1984 fol-
lowed a strong wind event that produced intense near-
shore upwelling of cold water. Finally, nitrate profiles
taken in April 1984 were fairly similar to those of the
previous year, with high concentrations near the
bottom at 75-m and 36-m stations and moderately low
levels at shallower stations. We discarded nutrient data
from June to December 1984 because of equipment
malfunction.

The temporal pattern of average nitrate suggests two
major periods or events of increased nitrate concentra-
tion (Figure 7). First, three of the four transects showed
increased nitrate levels during the early summer of
1983. At the Playa del Rey transect, nitrate levels in-
creased steadily from August 1982 to a high of over 3.0
pg-atoms-1 ~! in early June 1983, whereas nitrate at
Ormond Beach and San Onofre showed significant in-
creases between April and June 1983. Nitrate at Seal
Beach was relatively constant during spring-summer
of 1983. Closer examination of the data indicates that
increased nitrate levels at Ormond Beach, Playa del
Rey, and San Onofre between April and June 1983
primarily resulted from increased concentrations in the
lower part of the 15-m water column. Nitrate increased
near the bottom at almost all stations of these three
transects, while near-surface (surface-to-6-m) levels
remained low and similar from April to June.
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The second period of increased nitrate levels
occurred during February 1984 (Figure 7). Nitrate in-
creased slightly at Ormond Beach and San Onofre
between December 1983 and February 1984 but
showed a dramatic rise at Seal Beach—from 0.3 ug-
atoms*1 ! to 5.5 pg-atoms-1 ! at the 15-m isobath.
Bightwide sampling during February 1984 was inter-
rupted by a strong, brief windstorm that caused near-
shore upwelling and significant cross-shelf gradients in
temperature, salinity, and nutrients. Normal sampling
protocol called for the ship to begin on the northern-
most transect (Ormond Beach) and proceed south to
successive transects over a period not to exceed 10
days. Ormond Beach was sampled on February 15,
1984, but strong winds and heavy seas forced the ship
off the scheduled Playa del Rey transect, which was
finally sampled on March 7. Average daily wind speed
at Los Angeles International Airport (LAX) increased
from 2.8 m/sec on February 15, 1984, to 7.9 m/sec on
February 16 (NOAA 1984). Winds remained strong on
February 17, averaging 6.8 m/sec. During the storm,
the wind blew steadily from the northwest. Winds from
this direction were parallel to the shoreline of the
Southern California Bight and produced strong

offshore transport of nearshore surface waters, as
suggested by the upwelling index calculated for this
period (Figure 8). Seal Beach and San Onofre transects
were sampled soon after the wind event, on February
20 and 22, respectively.

Specific density (sigma-t) and nitrate profiles at Seal
Beach (Figure 9) for the February 1984 cruise indicate
intense movement of surface water away from the
shore and replacement of this water from depth. Water
from the 8-m station was significantly more dense than
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Figure 7. Average nitrate in the upper 15 m at major transects. Each point is a
cross-shelf average of 15-m, 22-m, 36-m, and 75-m stations.
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Figure 8. Upwelling index, M(x), during cruise 47. Each pointis a 3-day running
average. Dates when the Seal Beach and Playa del Rey transects were
sampled are indicated. M(x) was computed from daily wind data at Los
Angeles International Airport and has units of cubic meters per second per
100 m of coastline.

water from similar depths farther offshore, and isopyc-
nal lines showed strong inshore sloping. Nitrate in
near-surface water reached very high levels (5.1 pg-
atoms-1 ~') at 8 m, while comparable surface water
over the 75-m contour had only 0.7 pg-atoms-1~!, a
more typical concentration for the coastal zone during
winter (Kamykowski 1974; Eppley et al. 1978; un-
published data; see Figure 7).

To assess the persistence of local upwelling caused
by the storm of February 15-17, we compared the verti-
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Figure 9. Cross-shelf distribution of sigma-t and nitrate (ug-atoms:1~") at
Seal Beach on February 20, 1984.

44

cal structure of the water column at the Playa del Rey
transect with Seal Beach profiles. The continental shelf
is similar at these transects (Figures 1, 9, and 10),
although Seal Beach is located just south of a large
headland, the Palos Verdes Peninsula, in a semi-
permanent upwelling area (Dorman and Palmer 1981;
Dykstra et al. 1984). Winds at Seal Beach and Playa
del Rey during and after this wind event were
compared using the alongshore component of daily
winds (NOAA 1984) measured at LAX and Long
Beach Airport, near Seal Beach. The alongshore wind
components, which may cause upwelling or down-
welling, were significantly correlated (r = 0.73;
P <.001) between LAX and Long Beach Airport for
February and early March 1984, implying that wind
speeds and directions in the nearshore zone were
similar during this period. Profiles of sigma-t and
nitrate from the Playa del Rey transect, measured 17
days after the storm and following a relatively calm
period (Figure 8), indicate that the effects of the wind-
storm were short-lived, since near-coast water con-
ditions were stable and there were no indications of
upwelling (Figure 10).

Infrared satellite images showing relative sea-
surface temperature suggest that nearshore upwelling
was widespread in the Southern California Bight dur-
ing the mid-February 1984 windstorm (Figure 11). Just
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Figure 10. Cross-shelf distribution of sigma-t and nitrate (ug-atoms-1-") at
Playa del Rey on March 7, 1984.
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Figure 11. Infrared sateliite imagery of
relative sea-surface temperature before
and after the windstorm of February 15-
17, 1984. White areas show relatively
cold water, gray-to-black areas are
warmer water.
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prior to the storm, a long plume of cold water stretched
southeast of the Palos Verdes Peninsula, but other
nearshore areas of the bight had surface temperatures
similar to areas farther offshore, or only slightly cooler
(Figure 11a). Five days after the storm, strands of cold
surface water were observed off Point Dume, in the
northern part of Santa Monica Bay, south of Palos
Verdes Peninsula, and in the Point Loma area (Figure
11b). Upwelling occurred along much of the coast
from Point Dume to San Diego during the windstorm.
In agreement with transect data, no well-defined
patches of cold water were present along the coast on
March 5, indicating that upwelling had relaxed and
surface waters had warmed by solar heating or horizon-
tal advection (Figure 11c). Satellite images from other
days during this period could not be used because of
cloud cover.

Zooplankton Biomass

Zooplankton volumes were first averaged over each
transect to examine seasonal, annual, and geographic
variability (Figure 12). Nearshore zooplankton bio-
mass showed strong seasonality, with highest volumes
during April-June and minima during December-Feb-
ruary. Analyses of the variation of zooplankton vol-
umes for each month (Feb, Apr, June, Aug, Oct, Dec)
indicated a significant transect-by-year interaction for
all months except February (Table 2), suggesting that
zooplankton communities at different transects re-
sponded asynchronously during 1982-84. The seasonal
pattern of biomass observed at Seal Beach seems to
have differed from the other three transects during this
3-year period (Figure 12). Ormond Beach, Playa del
Rey, and San Onofre zooplankton volumes followed
similar patterns through the 36 months of sampling,
having been somewhat lower during 1983 and 1984
than during 1982. Biomass levels appeared to be about
the same during 1983 and 1984 at these three transects.
In contrast, Seal Beach zooplankton volumes were
similar during 1982 and 1983 but dropped sharply
during the spring and summer of 1984. June 1984 zoo-
plankton volume at Seal Beach was lowest of the four
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Figure 12. Average zooplankton displacement volume along the major
transects.

transects, whereas estimates were generally higher at
Seal Beach than the other three transects during 1982
and 1983.

Cross-shelf zooplankton biomass averages for all
nearshore transects were higher very near the coast
than at the 75-m depth contour, particularly from
August through December (Figure 13; Table 2).
Zooplankton biomass at the 75-m stations was always
lower than at stations closer to the shore, being only
38.5% of the nearshore maximum in October. From
February to August, peak zooplankton biomass was
found at stations from the 15-36-m depth contours,
although the trend for February, April, and June was
not statistically significant (Table 2). During the peri-
od of increasing zooplankton abundance-—February
through June—the mode of maximum zooplankton
biomass shifted progressively from inshore (15-m
isobath) to mid-transect (36-m isobath), suggesting
that the zone of highest zooplankton production and/or
survivorship near the coast gradually shifts farther
offshore as the season develops (Figure 13). This
seasonal movement of the zooplankton biomass mode
was observed during 1982 and 1983, but zooplankton
volumes, within a sample period, were similar from
the §-m depth to the 36-m station in 1984. Between
June and August, zooplankton volumes declined at
each depth across the shelf. Minimum zooplankton
biomass was observed in December.

The source of nutrients, particularly nitrate, that

TABLE 2
Monthly Means and Effects of Transect, Year, and Station Depth for Zooplankton Displacement Volume (1982-1984)

Month Mean (S.D}.) 3-way ANOVA results
(cc/1000m”) Transect (T) Year (Y) Station (S) TXY TxS YXxS

February 278.8 (140.1) NS *E NS NS NS NS
April 518.7 (319.5) — — NS *ak NS NS
June 520.4 (273.0) — — NS * NS NS
August 370.8 (147.5) — — Hokk ** NS NS
October 264.5 (234.1) — — *k *x NS NS
December 189.1 ( 95.4) — — ** * NS NS
NS = notsignificant; *P <<.05; **P <.01; ***P < 001
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Figure 13. Average monthly zooplankton displacement volume for alt four
major transects during 1982-84.

could stimulate increased primary production and,
ultimately, increased secondary production (zooplank-
ton biomass) on the inner continental shelf appears to
be moderately deep water (Figure 14). Mean zooplank-
ton volumes across the shelf were significantly corre-
lated with nitrate levels at the 75-m station and the
36-m station (r* = 0.25) but not at shallower stations
(P >.10; r* < 0.07). Although we do not have data to
relate increased primary production with increased
nutrients in the nearshore, other studies have shown
this relationship (e.g., Ryther and Dunstan 1971;
Eppley et al. 1979a). Processes that mix outer-shelf
water into the shallow nearshore zone should be im-
portant mechanisms for explaining primary and secon-
dary production in shallow coastal waters off southern
California.
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Figure 14. Effect of offshore nitrate (75-m station) on cross-shelf zooplankton
volume. The regression equation is significant at P <.001.

DISCUSSION

Seasonal Patterns

Two important seasonal processes related to nutrient
mixing off southern California are temperature stratifi-
cation and upwelling. Seasonal development of the
thermocline in nearshore water begins in April or May
and persists through September (Cairns and Nelson
1970; Winant and Bratkovich 1981). Several physical
and chemical changes accompany this process. Surface
water becomes warmer during these months, but near-
bottom temperatures usually decline. Mean vertical
temperature or heat content changes little during the
year in shallow water, but the vertical structure of the
current field shifts dramatically (Winant and Bratko-
vich 1981). During fall and winter, the water column is
well mixed, and water flow is toward the south. In
spring and summer, surface water continues flowing
southward, but water below the thermocline usually
moves in the opposite direction.

The cool, offshore water mass observed beneath the
summer thermocline is almost certainly the major
source of nutrients for primary production in nearshore
waters. Internal waves that propagate onto the con-
tinental shelf are thought to be a major contributor to
mixing in the upper part of the water column (Gregg
and Briscoe 1979). Recent studies on other continental
shelves have shown how large-amplitude internal
waves may “pump” deep-water nutrients across the
shelf edge and into shallow water on the inner con-
tinental shelf (Sandstrom and Elliott 1984; Holloway et
al. 1985). Large temperature fluctuations, representing
surges of cold water moving onshore, occur at approxi-
mately tidal frequencies in shallow waters off southern
California (Cairns 1967; Winant 1974; Zimmerman
and Kremer 1984). Isotherms on the leading edge of
cold surges are often vertical, or even pass vertical and
become inclined toward the shore, with cold water
overlaying warmer water in an unstable configuration
(Cairns 1967; Winant 1974). Such instabilities prob-
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ably cause vertical mixing by shear or convective
(overturning) processes.

Bamett and Jahn (in press), working between 8 and
100 m near San Onofre, also observed a spring-
summer encroachment of nutrient-rich water onto the
shallower parts of the shelf, and mixed, nutrient-poor
water in the upper part of the water column during fall
and winter. A deep pool of nitrate-rich water was also
common, but not always present. Eddy diffusion of
nitrogen from depth and regeneration of nutrients were
offered as likely explanations of nearshore enrichment,
although Barnett and Jahn also considered longshore
transport of water from semipermanent upwelling
centers (e.g., Palos Verdes Peninsula, Dana Point, and
San Mateo Point) as a possible mechanism supplying
nutrients.

Nearshore upwelling off southern California occurs
during several months of the year and may affect
primary production by transporting nutrient-rich water
into the euphotic zone (Kamykowski 1974; Dorman
and Palmer 1981). In all cases, local winds have been
the putative cause of nearshore upwelling off southern
California (Kamykowski 1974; Dorman and Palmer
1981; Dorman 1982), although other mechanisms are
possible, such as continental shelf waves or internal
Kelvin waves (Bowden 1983).

Nearshore winds off San Diego have a strong diurnal
component, blowing offshore from late night to early
morning and onshore at other hours (Dorman 1982).
Mean seasonal winds at San Diego are generally
toward the east and southeast (Dorman 1982). Tropical
storms, which occur once or twice from mid to late
summer, move north along the coast of Baja California
causing strong northward winds and downwelling near
the shore (Winant 1980). Other summer wind events
cause strong southeastward wind flow and significant
upwelling (Dorman and Palmer 1981). Relatively weak
coastal winds (e.g., 7 m/sec) over a narrow continental
shelf result in nearshore upwelling that is 30 times as
intense as the typical open-ocean upwelling observed
off San Diego (Dorman 1982). Wind stress increases
with distance from shore, often by a factor of three or
four (Dorman 1982). Therefore large-scale analysis of
wind data collected at offshore (beyond about 20 km)
ship stations (e.g., Bakun 1975) is not representative of
nearshore winds and wind-forced processes.

Storm-driven upwelling events have been observed
in the nearshore zone during several months of the year
(Kamykowski 1974; Dorman and Palmer 1981; this
study, and unpublished data). Kamykowski (1974)
described a nearshore upwelling event off La Jolla,
California, during February 1971. Winds of 5.5 m/sec,
with gusts up to 9.7 m/sec, produced upwelling at a
station 1 km offshore. Increased nutrients from up-
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welled water caused increased primary production and
a phytoplankton succession that was followed for three
weeks. An average of two upwelling events occur dur-
ing summer months in the southern part of the bight
(Dorman and Palmer 1981). Nearshore upwelling
events produce strong cross-shelf gradients in nu-
trients, temperature, and, probably, zooplankton
distribution patterns. These gradients are within ap-
proximately 10 km of the shore and are created by con-
ditions that do not cause strong offshore mesoscale
upwelling.

El Nino Conditions in the Nearshore Zone

The most significant long-term phenomenon ob-
served during sampling was the El Nifio event that
began in the tropical Pacific in 1982 (Philander 1983).
This was an exceptionally strong meteorological and
oceanographic event that produced very warm surface
waters throughout the Central and Eastern Tropical
Pacific Ocean. Anomalous, large-scale atmospheric
circulation presumably caused warm ocean conditions
off the coast of California and Mexico during the 1982-
83 El Nifio (Lynn 1983; Simpson 1983, 1984a, 1984b).
Unusually warm temperatures were first observed at
offshore stations in the California Current during the
fall of 1982, with full development of large-scale
warming by January 1983 (Auer 1982-83; Simpson
1983) and persistence of the phenomenon to at least
January 1984 (McGowan 1984; Simpson 1984a).
Monthly mean sea level, an indicator of an El Nifio
event, was about 0.2 m above the long-term mean at
Scripps Pier during the fall of 1982 (Dykstra and Sonu
1985), signifying the beginning of this El Nifio event.

Nearshore processes that mix cool, deep water with
surface water presumably created a complex tempera-
ture signal close to the shore during the 1982-83 El
Nifio (Figure 3). During the first few months of the El
Nifo event (fall 1982), surface temperatures measured
at Scripps Pier and on our nearshore transects were
near normal or slightly above normal (North 1985).
Surface temperatures were 1°-2°C above normal in the
first few months of 1983 (Dayton and Tegner 1984).
During spring and summer of 1983, nearshore surface
temperatures were again near normal. The strongest
nearshore development of El Nino conditions was
observed during fall 1983 and again during spring and
summer 1984; surface temperature was a little warmer
than average during the winter of 1983-84, with some
significant events of below-normal cold water (North
1985). Thus periods of near-normal hydrographic con-
ditions (surface temperature and presumably other var-
iables) were imposed upon the strong El Nifio near-
shore, and the near-normal temperatures during part of
1983 were probably the result of intense nearshore
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mixing and upwelling processes that advected cool,
high-salinity, deep water to the surface. Warm “El
Nifo-like” conditions persisted in the Southern Cali-
fornia Bight through most of 1984, suggesting that a
considerable time lag is necessary for regional temper-
atures to return to normal following a global El Nifio
event (J. Simpson, MS).

Simpson (1984a) showed that water properties
within the inner part of the Southern California Bight
were probably caused by onshore movement of Pacific
subarctic water from the offshore part of the California
Current. Subarctic water is distinguishable by low
temperature, high nutrient concentrations, and low
salinity (Reid et al. 1958). After subarctic water enters
the California Current around 48°N, it warms as it
moves south, but remains recognizable by its relatively
low salinity as far south as 25°N (Reid et al. 1958;
Simpson 1984a). Conditions in the fall of 1983 suggest
the presence of this subarctic water mass in the near-
shore zone. No long-term averages of nitrate were
available for comparison with nitrate concentrations
measured during 1983 and 1984, but nutrient levels
may have been lower, since a strong inverse relation-
ship exists between temperature and nutrients (Zim-
merman and Kremer 1984; Barnett and Jahn, in press).

The lower zooplankton biomasses at most transects
during 1983 and 1984 were most likely caused by the
1982-83 El Nino. Fiedler (1984) has shown that
reduced phytoplankton production off the coast of
southern California during El Nifio was associated with
weakened mesoscale upwelling. Reduced nutrients
over the continental shelf may have caused slower
phytoplankton growth following the onset of El Nifno
conditions in late 1982, and therefore less input to the
zooplankton food chain. Zooplankton biomass was
lower at all transects in June 1983 than in June 1982
(Figure 12), although unusually warm water was not
observed until September and October of 1983. Tem-
perature, per se, was probably not regulating zoo-
plankton abundance, and other factors such as nutrient
limitation or increased offshore transport were prob-
ably responsible for low zooplankton biomass. Con-
tinued anomalous conditions in the nearshore zone
through most of 1984, although the tropical El Nifo
phenomenon ended in 1983 (Cane 1983), may have
caused primary productivity and zooplankton biomass
to remain low during 1984.

Cross-Shelf Patterns

Cross-shelf gradients were particularly obvious for
zooplankton biomass. Zooplankton studies off south-
ern California generally emphasize biological inter-
actions (grazing, predator-prey relationships) or
species-distribution patterns (vertical, horizontal,

patchiness). However, zooplankton biomass estimates
made in the California Current have also been used to
study interannual variability and the effects of large-
scale physical processes on the planktonic community
(Bernal and McGowan 1981; Chelton et al. 1982).
Biomass estimates of many broad taxonomic catego-
ries (total copepods, chaetognaths, decapods, eupha-
siids, etc.) are highly correlated throughout the region
(Colebrook 1977), and biomass fluctuations have been
common during the last 200 years (Soutar and Isaacs
1969, 1974). High correlations among taxa on a
regional scale suggest that zooplankton biomass may
be used as a measure of community response to large or
mesoscale physical or chemical phenomena (Bernal
and McGowan 1981). Biological interactions undoubt-
edly cause fluctuations of populations of some zoo-
plankton species, but time series of zooplankton
biomass, interpreted in light of major physical
processes, should give a reasonable picture of commu-
nity “condition,” particularly when most major taxa
respond simultaneously throughout the ecosystem.

Zooplankton biomass shows an offshore peak in
abundance at about 100-200 km off the coast of central
and southern California (Smith 1971; Bernal and
McGowan 1981). Chelton (1982) has shown that the
offshore zooplankton peaks are associated with
offshore upwelling driven by the wind stress curl.
Bernal and McGowan (1981) described the onshore-
offshore distribution of zooplankton biomass in the
California Current and discussed the possible existence
of an additional nearshore maximum within approxi-
mately 50 km of the shore. Using data from special
CalCOFI stations within 50 km of the coast (also, see
maps in Smith 1971), they observed no nearshore peak
in zooplankton. Our nearshore data are not directly
comparable to the CalCOFI data, since different mesh
sizes were used (333 p vs 505 w), and offshore
(CalCOFI) tows sampled below the euphotic zone,
whereas our nearshore tows did not. We can, however,
examine our data for cross-shelf pattern and compare
these results to those of Bernal and McGowan (1981) in
a qualitative manner.

We observed zooplankton biomass peaks, for most
months of the year, that were inside the 75-m isobath.
The low zooplankton volumes found at 75-m depths
may be the result of a real nearshore maximum or,
possibly, sampling bias caused by sampling through
water columns of different depth. The lower portion of
the 75-m sample was probably below the 1% surface
light level, thus some of the water strained on these
tows was relatively unproductive and not strictly
comparable to shallower stations. However, other
workers’ results suggest that dynamics are different
nearshore and that zooplankton is denser very near the

49



PETERSEN ET AL.: NEARSHORE HYDROGRAPHIC CONDITIONS AND ZOOPLANKTON BIOMASS

CalCOFI Rep., Vol. XXVII, 1986

coast. Beers and Stewart (1967) found a decline in the
density of microplanktonic metazoans between 25 and
200 m in the upper part of the water column. Barnett
and Jahn (in press) distinguished nearshore and
offshore assemblages of zooplankton, with the change
occurring at about the 30-m isobath. Nearshore taxa
shifted slightly seaward in spring and summer at the
San Onofre transect (Barnett and Jahn, in press), a
phenomenon that may be related to the shift of biomass
peaks noted above. Other studies of mysids, copepods,
ctenophores, and fish larvae have also found large
abundance peaks within 10 km of the coastline (e.g.,
Clutter 1967; Barnett 1974; Hirota 1974; Barnett et al.
1984).

Failure of Bernal and McGowan (1981) to see a near-
shore zooplankton maximum was probably caused by
the close proximity of the abundance peak to the shore
and the offshore location of “nearshore” CalCOFI
stations. CalCOFI stations nearest the shore (in Smith
1971), used by Bernal and McGowan (1981) as a test of
an inshore zooplankton peak, appear to be in 200 m of
water, well offshore of waters shown here and else-
where to be strongly influenced by shelf processes.

The nearshore zooplankton biomass peak that we
observed, and other nearshore distribution patterns
cited above are probably the combined result of recy-
cling and vertical mixing in shallow water that keeps
nutrients available in the euphotic zone and increases
phytoplankton growth, relative to that of deeper wa-
ters. Mesoscale hydrographic processes in offshore
waters, such as seasonal upwelling and storm-induced
mixing, transport nutrients from deep water into the
euphotic zone throughout the bight, and local upwell-
ing increases nutrients on the shelf at times when off-
shore waters may remain stratified. Once nutrients
have been mixed or advected onto the shelf, turbulent
mixing and recycling probably maintain higher nutri-
ent concentrations in the shallow waters, increasing the
standing stock of plankton (Walsh 1981).

Bightwide Coherence of Processes

Results from our nearshore cruises, and long-term
(20-63 years) temperature records from shore stations
between Gaviota and San Diego (Jones 1971; Tek-
marine 1983; E. Stewart, pers. comm.) indicate that
nearshore continental shelf waters usually show
coherent patterns throughout the Southern California
Bight, except near headlands. Delayed warming
occurs at major headlands throughout the bight, par-
ticularly at Point Conception, Port Hueneme-Point
Dume, and Palos Verdes Peninsula (Tekmarine 1983;
this study). Local upwelling near headlands, which is
particularly active during spring and summer (Roden
1972; Dorman and Palmer 1981; Huyer 1983), brings
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cool water to the surface in these areas and may pro-
duce slower warming of the surface layer. List and Koh
(1976) analyzed shore temperatures collected between
Neah Bay, Washington, and La Jolla, California, with
most stations being in the Southern California Bight.
Data were separated into three frequency components
identified as low (seasonal; several months), inter-
mediate (two weeks to one season), and high (less than
two weeks). Seasonal and intermediate time-scale
temperature events were highly correlated in southern
California, with many temperature phenomena occur-
ring almost simultaneously at stations throughout the
bight. List and Koh (1976) did not observe slower
spring warming at headlands because none of their
stations were near major promontories. Occasional
events within the intermediate temporal component
had a smaller spatial scale on the order of 200 km.
High-frequency phenomena tended to be local and
were most likely associated with internal waves
(Winant 1974) or wind (Cairns and LLa Fond 1966).

CONCLUSION

Oceanic, mesoscale, and local processes combine
within the Southern California Bight to produce the
physical and nutrient conditions observed in the near-
shore zone. Basin-wide phenomena like the 1982-83 El
Nino affect waters throughout the bight, although lo-
cal processes such as coastal upwelling occasionally
seem to dominate in the nearshore zone, resulting in
“normal” hydrographic conditions at certain locations
during a large-scale anomalous period. Mesoscale
upwelling forced by strong offshore winds brings
nutrient-rich water to the surface over large areas of the
bight, including the nearshore waters. Such upwelling
is a seasonal phenomenon, being most intense in spring
and early summer. Local upwelling, often observed
near headlands, has been observed at other times of the
year, however, and greatly changes nearshore condi-
tions and gradients. Nearshore mixing of waters from
depth by tidal action and internal waves also brings im-
portant nutrients into the euphotic zone and increases
production compared to waters farther from the coast-
line. Longshore advection may also enhance phyto-
plankton populations through higher nutrient levels
and may cause increased nearshore productivity com-
pared to productivity on the outer continental shelf and
areas farther offshore. These observations and other
studies from the nearshore zone suggest that physical
processes often distinguish “‘nearshore” waters from
“offshore” waters.
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ABSTRACT

More than 150 ichthyoplankton taxa were collected
in the nearshore zone of the Southern California Bight
between 1978 and 1984. Aspects of the abundance
patterns of six taxa of sport and commercial value in
the nearshore zone are presented: northern anchovy
(Engraulis mordax), which constituted 67% of total
larvae; white croaker (Genyonemus lineatus), 6.6%;
Pacific sardine (Sardinops sagax), 5.9%; queenfish
(Seriphus politus), 2.1%; California halibut (Paralich-
thys californicus), 1.0%; and sea basses (Paralabrax
spp.), 0.6%.

Greatest abundances of northern anchovy larvae
occurred along the 75-m isobath, whereas larvae of the
other fishes occurred chiefly from 36-m shoreward.
Northern anchovy, white croaker, and California
halibut spawned all year, but most intensely in late
winter and spring. Queenfish spawned mainly in
spring and summer, Pacific sardine chiefly in late sum-
mer and fall, and sea basses of the genus Paralabrax
only in summer. Abundance of sardine eggs and larvae
increased by 2-3 orders of magnitude between 1980
and 1982.

RESUMEN

Mais de 150 taxa de ictioplancton fueron colectados
en la zona costera de la Bahia del Sur de California
entre 1978 y 1984. Se presentan los patrones de
abundancia de seis taxa de importancia recreativa y
comercial: Engraulis mordax (anchoveta del Norte)
constituy6 el 67% de las larvas presente; Genyonemus
lineatus, 6.6%; Sardinops sagax (sardina), 5.9%;
Seriphus politus, 2.1%; Paralichthys californicus
(lenguado), 1.0%; y Paralabrax spp., 0.6%.

Las mayores abundancias de larvas de la anchoveta
del Norte fueron encontradas a 75 m de profundidad y
las otras larvas a 36 m de profundidad. La anchoveta
del Norte, Genyonemus lineatus, y Paralichthys
californicus desovaron durante todo el afio y mas in-
tensamente a fines de invierno y en primavera.
Seriphus politus desovo principalmente en primavera y
verano, la sardina a fines de verano y en otoiio, y el

TERRY C. SCIARROTTA

Southern California Edison
System Planning and Research
P.O. Box 800
Rosemead, California 91770

género Paralabrax sélo en verano. La abundancia de
huevos y larvas de sardina aumentd 2 a 3 6rdenes de
magnitud entre 1980 y 1982.

INTRODUCTION

Systematic sampling for fish eggs and larvae in the
waters off California has been conducted by the
California Cooperative Oceanic  Fisheries In-
vestigations (CalCOFI) for more than three decades.
One of the primary purposes for conducting these
surveys is to draw conclusions about the abundance of
adult fish populations and their distribution at the time
of spawning, which can be determined from the dis-
tribution and abundance of the larval stages. Larval
rather than adult stages are used because they can be
sampled with less cost and fewer biases (Ahlstrom
1965, 1967).

CalCOFI surveys in the Southern California Bight
have principally been conducted in offshore waters,
and have emphasized distributions and abundances of
offshore, commercially important fishes, e.g.,
northern anchovy (Engraulis mordax), hake (Merluc-
cius productus), and jack mackerel (Scomber ja-
ponicus) (Ahlstrom 1965; Loeb et al. 1983). A two-
year study by Gruber et al. (1982) entailed quarterly
sampling of three transects from the inner shelf (<50
m) out to deep water (>1,000 m), providing a prelimi-
nary look at the abundance and seasonality of shelf
species. Our surveys, begun in 1978 (Brewer et al.
1981), are coastal and bightwide in scope (Brewer and
Smith 1982), and like that of Barnett et al. (1984)
provide data to assess medium-to-long-term temporal
and spatial patterns of fishes on the continental shelf.
Some species—e.g., white croaker (Genyonemus line-
atus) and queenfish (Seriphus politus)—absolutely
depend on nearshore waters. Other fishes occur in both
offshore and nearshore regions (e.g., northern
anchovy and Pacific sardine [Sardinops sagax]),
knowledge of the distribution, abundance, and inter-
annual variation of their larvae in coastal waters will
allow evaluation of the nearshore region as a potential
area for spawning and larval survival.
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Figure 1. Location and CalCOF! line-number designations for all transects sampled between 1978 and 1984 in the Southern California Bight.

This report presents bightwide estimates of egg and
larval abundance for the dominant nearshore species,
northern anchovy and Pacific sardine; and larval
abundance only for white croaker, queenfish, Califor-
nia halibut (Paralichthys californicus), and sea basses
~which include kelp bass (Paralabrax clathratus),
barred sand bass (Paralabrax nebulifer), and spotted
sand bass (Paralabrax maculatofasciatus). Longshore
and cross-shelf patterns of distribution, interannual
variation, and seasonality of abundance are described.
Concurrent with the egg and larval surveys, physical,
nutrient, and zooplankton biomass data were collected
and analyzed (Petersen et al. 1986).

METHODS

Field techniques and laboratory procedures for
samples taken between June 1978 and July 1980
(cruises 1 to 26) are described by Brewer and Smith
(1982). Ichthyoplankton studies in the coastal zone
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resumed in 1981 after a 7-month hiatus. The 1981
collections have not been worked up. Many aspects of
the earlier program (1978-80) have remained un-
changed, although cruises were taken every two
months in 1982-84 (cruises 34 to 52), replacing the
monthly sampling of 1979-80. Sampling dates and
locations are presented in Figure 1 and Tables 1 and 2.

For compatibility, transect designations previously
identified by numbers and letters were changed to
CalCOFI line numbers, a change made retroactive to
1978 in this report. Sampling protocols are as
described by Brewer and Smith (1982), except that
when the Vantuna began collecting in 1982 the use of
the instrumented trawl block and depth transducer was
discontinued. All data treated here are from oblique
tows of a 70-cm bongo sampler (333-w mesh) fitted
with wheels so that tows started right at the bottom
(gauged by vibrations transmitted through the towing
wire), a known layer of concentration of certain taxa
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TABLE 1
Coordinates of Stations Occupied During 1982-1984

TABLE 2
Dates of Collection, Cruises 1-52

Transect Station N. Latitude =~ W. Longitude
(CalCOFI line) (m)
Ormond Beach 8 34°07.5' 119°16.6'
(84.7) 15 34°07.0 119°11.0°
22 34°06.6' 119°11.7'
36 34°06.0 119°12.8’
75 34°04.5 119°11.9°
Playa del Rey 8 33°57.0° 118°27.1"
(86.8) 15 33°57.0' 118°27.9°
22 33°56.9’ 118°28.6
36 33°57.0' 118°30.1'
75 33°57.2 118°34.0'
Seal Beach 8 33°42.4' 118°04.3’
(88.4) 15 33°41.2’ 118°04.8’
22 33°39.6 118°05.1"
36 33°37.3" 118°05.7
75 33°34.8' 118°08.9’
San Onofre 8 33°21.7 117°33.8’
(90.9) 15 33°20.9 117°34.1"
22 33°20.4' 117°34.7°
36 33°19.9' 117°35.0°
75 33°18.5' 117°35.6’

(Schlotterbeck and Connally 1982; Barnett et al.
1984). Net retrieval rates were about twice those
employed from August 1979 to July 1980 (Phase 11
sampling as described by Brewer and Smith 1982),
but replicates were not combined, i.e., the nets filtered
about 6-8 m* of water per meter of depth. Procedures
and assumptions for processing fish eggs and larvae
were the same as those described by Brewer and Smith
(1982), except that no aliquots were taken. Samples
were 100% sorted from either the port or starboard side
of the bongo plankton sampler.

Species of the genus Paralabrax are not separable at
all stages (Butler et al. 1982) and have therefore been
treated together as a single taxon. However, progress
has been made in the identification of Paralichthys
californicus larvae', and the abundance of this species
as reported here is for the first time uncontaminated
with that of the similar Xystreurys liolepis.

Areal Estimates

The transects sampled during this project are
assumed to be representative of the coastal zone shore-
ward of 75 m in the Southern California Bight. Thus an
estimate of the magnitude of ichthyoplankton popula-
tions in the narrow band of nearshore waters along the
coast can be based on data from these transects.

'Carlson-Oda, D. Description of the early life history of the California halibut,
Paralichthys californicus, with comparisons to other members of the family
Bothidae. Abstract presented at CalCOFI annual conference, 1985.

Cruise no.  Month and year
Monthly programs (10 transects)

Cruise no. Month and year
(20 transects)

1 June 1978 15 August 1979

2 July 1978 16 September 1979
3* August 1978 17 October 1979

4 September 1978 18 November 1979
5 October 1978 19 December 1979
6* November 1978 20 January 1980

7 December 1978 21 February 1980
8 January 1979 22 March 1980

9% February 1979 23 April 1980
10 March 1979 24 May 1980
11 April 1979 25 June 1980
12% May 1979 26 July 1980
13* June 1979
14% July 1979

Bimonthly program (4 transects)

34 February 1982 (January 30)
35 March-May 1982 (31-11)
36 June 1982

37 August 1982

38 October 1982

39 December 1982

40 February 1983

41%* March 1983

42 April 1983

43 June 1983

44 August 1983

45 October 1983

46 December 1983

47 February 1984

48 April 1984

49 June 1984

50 August 1984

51 October 1984

52 December 1984

*Collections not worked up
**Nonstandard cruise

The Apple Graphics Tablet was used to determine
the areas bounded by depth contours on National
Ocean Survey bathymetric maps (nos. 1306N-15, -16,
-19, and -20). The maps were juxtaposed, and a
composite made that had 10-m intervals out to 100 m.
The 75-m contour was drawn in (Figure 1). We drew
the 20 sampling transects approximately perpendicular
to the 75-m contour, then drew lines perpendicular
from the midpoints between the intersections. The
latter set of lines defined 20 blocks, centered on the
transects, on which all areal determinations were
based. Block 1 (CalCOFI line 80.8 off Cojo Bay) was
bounded on the northwest by a line extending from
Point Conception perpendicular to the 75-m contour,
and block 20 (CalCOFI line 94.7 off Imperial Beach)
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TABLE 3
Bightwide Estimates of Area in Square Kilometers

Depth contours (in meters)

Transects  0-10 10-20 20-30 30-40 40-50 50-60 60-75 Totals
80.8 I 19 11 11 10 13 15 90
81.6 14 18 11 13 13 26 52 147
82.1 20 16 11 11 14 33 46 150
83.1 27 30 40 73 59 42 38 329
83.9 14 69 94 34 11 9 15 246
84.7 25 19 16 10 8 8 97
85.3 13 18 10 12 7 13 18 91
86.1 18 26 18 21 16 21 16 136
86.8 It 16 16 15 20 37 33 148
87.4 11 13 9 8 5 6 12 64
87.8 26 22 18 12 12 5 9 104
88.4 35 75 114 54 39 28 16 361
89.3 117 7 5 6 7 3 56
89.9 1210 6 9 6 10 7 60
90.9 29 37 18 12 1 15 20 142
91.6 20 31 14 12 7 9 12 105
925 It 14 3 7 5 6 9 55
93.1 12 12 11 6 10 7 9 67
93.9 1217 17 3 9 16 28 102
94.7 30 65 38 38 29 22 24 246
Totals 348 550 485 371 299 333 410 2796

was bounded on the south by the Mexican border. The
20 blocks were combined into 4 bigger blocks repre-
sentative of the four transects sampled in recent years.
Areal determinations for sampling depth strata were
determined by linear interpolation of the raw data
(Tables 3 and 4).

The 1982-84 nearshore sampling zone is considered
to extend from near Point Conception to the Mexican
border and seaward from shore to the 75-m contour, an
area of 2,796 km?. Although the coastal part of the
Southern California Bight includes almost all of the
coastal portion of CalCOFI region 7, it constitutes
about 4% of its total area. The 1978-80 area, which ex-
tends seaward only to the 36-m contour, has an area of
1,604 km?. Brewer and Smith’s (1982) estimate of
2,652 km?® for the area to the 43-m isobath was
obtained by extrapolating the average seaward distance
of the stations along the 8-, 15-, 22-, and 36-m
isobaths. We estimate the same area to be 1,834 km?
based upon linear interpolation of actual measurements
from charts of areas to the 40- and 50-m contours.

For analysis, all species data were scaled to numbers
of individuals under 10 m? of sea surface (Smith and
Richardson 1977). Confidence intervals on mean
abundance for each cruise were determined by a
nonparametric method known as the bootstrap (Efron
1982), which has been shown to be a reasonable
approach for these data (Jahn MS). Temporal trends of
abundance are presented graphically as extrapolated
“bightwide” abundances, calculated as the mean of all
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TABLE 4
Bightwide Estimates of Area (in km?) for
Sampling Depth Strata*

Depth contours (in meters)

Block

number 0-8 8-15 15-22 22-36  36-75  Totals
1 88 120 137 258 549 1152
2 31 35 36 60 185 347
3 67 79 91 163 180 580
4 91 111 108 129 278 717

Totals 277 345 372 610 1192 2796

Block 1 comprises CalCOFI lines 80.8 (Cojo, 80); 81.6 (DR); 82.1
(Goleta, 81.5); 83.1 (RN); 83.9 (Ventura, 83); 84.7 (OB); 85.3
(Trancas, 85).

Block 2 comprises CalCOFI lines 86.1 (Malibu); 86.8 (PR, 87);
87.4 (RB).

Block 3 comprises CalCOFI lines 87.8 (PV); 88.4 (SB, 88); 89.3
(Balboa); 89.9 (Laguna, 90).

Block 4 comprises CalCOFI lines 90.9 (SO); 91.6 (Pendleton,
91); 92.5 (Carlsbad); 93.1 (Del Mar, 93); 93.9 (MB); 94.7 (San
Diego, 95).

*based upon data from Table 3.

stations to the 36-m contour multiplied by the 0-36-m
area (1,604 km?). For the years 1982-84 the mean 75-m
abundance was multiplied by the area between 36 and
75 m (1,192 km?) to estimate a bightwide abundance
for this outer-shelf band.

The presentation of alongshore pattern is incomplete
in that not all data sets were statistically analyzed.
Plots showing the three-dimensional (alongshore,
cross-shelf, time) disposition of all species and life
stages were visually examined for obvious trends.
Only when these plots showed obvious differences
among transects were the data subjected to further
analysis. In such cases, the effects of station depth,
transect, and year were tested with 3-way ANOVA
using log-transformed (In {x + 1}) scaled (no. per 10
m?) abundance. Only the 1982-84 data were so treated,
because earlier sampling designs were nonuniform.
Seasonal effects were not tested, since these were
readily apparent in all graphs. The ANOVA results are
supported by the original three-dimensional plots as
well as by graphs of mean annual transect abundance,
expressed as number per m?.

RESULTS

Over the seven-year period more than 1,400
zooplankton collections were sorted for fish eggs and
larvae. Among these we identified 152 fish taxa (80 to
species; 40 to genus, family, or order; 32 to an un-
known fish type), which approaches 70% of the in-
shore fish fauna of the Southern California Bight. One
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Figure 2. Mean annual transect abundance for eggs of Sardinops sagax and Engraulis mordax, and yolk-sac larvae of Paralichthys californicus, 1982-84.

1984

planktivorous species that had not previously been
sampled in our nearshore survey region, round herring
(Etrumeus acuminatus), suddenly appeared in the
samples in August 1983. Round herring larvae
occurred in Santa Monica Bay and off Seal Beach in
densities approaching 10 per m*. There was also an un-
usually high number of unidentified larval types
collected in 1983. Although the number of unidentified
types subsided in 1984, Etrumeus larvae were noted
again from June through October at the same locations
and in about the same abundance as in 1983.

Northern anchovy always ranked first in abundance,
and—except for 1984—white croaker was second. In
1978-79 sardine was not among the 15 most abundant
taxa, but increased to third in 1982. Sardine remained
third in 1983 before becoming the second most
abundant taxon in 1984, replacing white croaker.
Queenfish was steadily surpassed by other species,
dropping from third most abundant in 1978-79 to fifth
in 1984. Halibut consistently had a rank between fifth
and seventh, while sea bass ranked between eighth and
eleventh. In the following sections these six important
species are discussed in some detail.

Number per m 2

Ormond Beach D
Playa del Rey

Seal Beach m
$an Onofre .

Paralichthys catifarnicus yolksac larvae

1.0+

BRASEIASNSRR0AEARRAREANAARRENRARAS,
oes sesscas sansas H

01

1982 1983

1984

As stated above, we visually inspected abundance
plots of all species and life stages for indications of
differences among transects. In most cases, there were
no apparently nonrandom differences in abundance
among transects. Exceptions were early stages of three
species—eggs of sardine, eggs and yolk-sac larvae of
anchovy, and yolk-sac larvae of halibut. Eggs of
sardine and anchovy, and yolk-sac larvae of halibut
were therefore tested and found to show statistically
significant depth (station location) and transect or
years X transect “effects” (Table 5). These are dis-
cussed below in the species accounts. Mean yearly
transect abundance (Figure 2) supports our initial im-
pression that spawning of these three species tends to
be above average at Seal Beach, and spawning of
anchovy is above average at Ormond Beach.

In the species accounts, the mean abundance of
larvae for each cruise is scaled up to the area of
nearshore habitat with the implicit assumption that the
mean abundance at the sampled locations is representa-
tive of the Southern California Bight’s entire nearshore
zone. The validity of this assumption is presently
under scrutiny, and no defense for it is offered here.
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TABLE 5
Results of Three-Way ANOVAs
Factor
Depth (D) Year (Y) Transect (T) DXY DXT YXT DXYXT
Sardine eggs *kE — — NS NS * NS
Anchovy eggs * — —_ NS NS * NS
Halibut yolk-sac larvae *EE NS FEE NS NS NS NS

NS Not significant at P = .05; * P <.0S; *** P <.001; - f-ratio not tested because of significant first-order interaction effect involving this

factor.

However, given that the 20 to 46 collections from each
cruise can serve as a random sample to estimate the
bightwide population mean, the precision of such
estimates can be easily addressed. The bootstrapped
confidence intervals (Table 6) suggest that the
estimated populations could be low by a factor of 1/2
or high by a factor of generally 2 to 5, depending on
abundance.

Sardinops sagax

Pacific sardine (Sardinops sagax) dramatically in-
creased in numbers in the bight between 1980 and 1982
(Figure 3). The expansion of the sardine population
may have begun in 1981, but no data are available from
that year. The order-of-magnitude increases of sardine
larvae in the spring and fall of 1982 compared to 1979-
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80 signal the presence of many spawning adults.
Between 1982 and 1984 sardine were seasonal
spawners in the bight, eggs and larvae being most
abundant in summer-fall. After the 1982 expansion,
annual abundance of larval sardine remained relatively
constant (Figure 3). '

Abundances and average densities of sardine eggs
were low off Ormond Beach in the north and San
Onofre in the south, particularly in 1982 (Figures 2 and
4). High numbers of eggs were consistently recorded
off Seal Beach, where they were taken in all of our
samples, except for February 1984. In 1982 and 1983
sardine spawning appears to have been concentrated at
the Seal Beach transect (Figure 2), and closer inshore
than offshore (Figure 4). The significant year-by-
transect interaction (Table 5) for sardine egg densities
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Figure 3. Estimated abundance of Pacific sardine (Sardinops sagax) larvae in the Southern California Bight between the shore and the 36-m contour (1978-80 data,
and lower line of 1982-84 data). Hatched area represents abundance between the 36- and 75-m contour (1982-84 only). There are no data for 1981.
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TABLE 6
Means with Confidence Limits of 2.5 and 97.5 Percentage Points of Bootstrapped Means,
no./10m?, Based on 1,000 Runs

Sardinops Engraulis Genvonemus Seriphus Paralichthys
sagax mordax Paralabrax spp. lineatus politus californicus
Cruise Mean 2.5-97.5% Mean 2.5-97.5% Mean 2.5-97.5% Mean 2.5-97.5%  Mean 2.597.5% Mean  2.5-97.5%
1 1978 1.0 2-2.1 246 143-381 N 01-1.5 .1 .01-.2 34 16-58 (Cruises 1-33:
2 6 .01-1.7 92 52-143 2.6 4-5.6 . .01-3 89 45-143 data not
4 4 .1-.9 123 71-188 22 12-34 23 7-43 41 20-70 available)
5 4 .1-.9 164 73-303 6 18-1.0 44 12-89 2.2 741
7 .1 .01-.4 310 185-465 .1 75 46-109 0 -
8 1979 4 19 254 176-336 0 165 69-280 0 -
10 1.6 3-3.4 663 406-987 0 358 190-555 2.7 1.2-4.7
11 0 - 832 375-1438 0 27 15-43 22 5-50
15 1.7 4-3.9 137 90-193 29 16-45 B - 27 18-39
16 2.8 1.4-4.7 134 77-213 24 1.1-4.2 4.4 1.7-7.9 29 17-44
17 14 5-28 29 19-43 0 9.7 5.7-14.2 .6 3-1.3
18 1.8 .7-3.0 14 5-25 0 17 7-29 0 -
19 4.0 1.3-7.2 63 35-97 0 156 76-267 0 -
20 1980 24 1.1-4.2 511 274-784 0 324 178-490 0 -
21 3 .1-.6 722 460-1029 0 182 110-273 3 1-.6
22 1.0 4-1.8 1378 1013-1778 0 991 603-1431 70 38-108
23 1.1 2-24 368 271-481 0 290 171-443 43 27-61
24 16 1-46 172 100-264 2 46.6 10-103 30 19-46
25 4 1-.9 62 36-96 0 32 .9-6.3 19 9-31
26 0 - 16 10-23 0 3 1-7 25 14-37
34 1982 2.4 .1-5.8 2900 1870-4100 0 269 159-396 4 .01-1.1 12 7-18.1
35 4.0 1.6-7.0 2065 1490-2730 1.2 1-3.20 211 84-361 229 42-477 30.0 12-54
36 28 7-60 668 307-143t 27 16-40 5.2 2.1-8.9 58 22-106 8.7 1.4-18.5
37 24 9-45 322 202-459 23 1.5 2-3.1 8.2 3.7-14.7 3.5 1.3-6.5
38 381 115-725 307 195-439 0 43 22-66 .8 2-1.9 15 6-28
39 19 3-45 50 24-81 0 136 17-293 0 - 5.9 2.1-11.2
40 1983 36 2-83 1754 670-2920 0 346 143-633 23 4-48 54 24-95
42 35 1.0-7.1 2242 1280-3360 2 58 24-102 4.6 1.6-8.0 4.8 1.8-8.6
43 54 11-113 130 82-193 28 13-45 4.8 3-107 40 14-73 2.2 .6-4.1
44 125 65-201 55 23-102 9.7 3.2-16.9 .1 01-.4 1.9 4-3.7 3.7 1.7-6.0
45 168 67-300 127 57-207 0 .1 .01-.5 2.6 8-5.2 3.2 3-7.4
46 i .01-1.5 301 182-437 0 29 9-54 0 - 3.8 4-9.0
47 1984 4.0 1.2-7.2 1514 580-2830 0 71 42-106 9 .01-2.1 17 11-25
48 52 17-97 1625 870-2510 3 47 28-71 32 18-50 26 10-49
49 30 9-58 130 73-190 6.0 2.3-10 2 .01-.7 31 16-52 2.6 1.0-4.5
50 211 78-383 114 66-173 39 22-56 1.9 1-4.8 30 9-58 4.6 1.7-8.2
51 26 6-59 58 26-96 7 4.6 4-9.1 i .01-1.6 2.1 1-5.6
52 8.2 2.8-14.7 185 45-404 0 142 71-224 0 - 2.6 .3-6.0

can be seen in Figure 2. Spawning was greatest in
Santa Monica Bay during 1984 but reached maxima at
Seal Beach and San Onofre in 1983.

Sardine larvae occurred in nearshore rather than
offshore waters (Figure 3). Sardine appeared to spawn
onshore, for their eggs were found inside of 75 m.
There was a significant effect of station depth upon egg
density during 1982-84 (Table 5). During this 3-year
period, average density of eggs at the 75-m station was
12.7 eggs per m?, but it increased to 195.3 per m? at the
8-m isobath.

Engraulis mordax

Northern anchovy (Engraulis mordax) larvae were
present year-round in the bight, and showed a con-
sistent winter-spring pattern of high abundance (Figure
5). The significant year-by-transect interaction (Table
5) is probably due to the unusually intense spawning
off San Onofre in April 1982 (Figure 6). Of the four

transects, San Onofre in the south had the lowest mean
annual abundances through time, followed closely by
Playa del Rey (Figures 2 and 6). Anchovy yolk-sac
larvae showed a bightwide pattern similar to that
described for the eggs: high at Ormond Beach and low
at Playa del Rey and San Onofre. There was no indica-
tion of longshore pattern after yolk-sac absorption.

Abundances of larval northern anchovy increased
with depth. Brewer and Smith (1982) demonstrated
that the number of northern anchovy larvae increased
linearly with increasing depth to 36 m. Our data show a
substantial contribution to the total larvae seaward of
the 36-m contour (Figure 5), in keeping with earlier
observations.

Although mean annual anchovy egg abundance at
the four transects declined steadily from 1982 to 1984
(Figure 2), the peak annual abundance of larvae in the
nearshore waters of the bight has been relatively con-
stant from 1978 through 1984 (Figure 5).
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Figure 4. Density of Pacific sardine eggs at Ormond Beach (OB: transect 84.7),
Playa del Rey (PR: transect 86.8), Seal Beach (SB: transect 88.4), and San
Onofre (SO: transect 90.9), 1982-84. Each graph shows a year of bimonthly
sampling at all four transects, with density at 8, 15, 22, 36, and 75 m plotted
left to right. For continuity, each individual plot begins and ends on the
baseline, but zero density at 8 and 75 m is always represented by a short
segment parallel to the baseline; e.g., February through August 1984 75-m
densities at San Onofre were zero, but the October and December values
were not (fower right).
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Paralabrax spp.

Larvae of sea basses (Paralabrax spp.) were the
most seasonal among the six taxa discussed here. The
major spawning effort of sea bass began in early
summer and peaked in August (Figure 7). During the
period of peak abundance, larval Paralabrax were
found throughout the bight. Smith and Young (1966)
found that P. clathratus began to mature in April and
had ripe eggs and sperm from June through September.
Little or no spawning was detected in June and July
1980, when exceptionally cool temperatures prevailed
(Petersen et al. 1986). Paralabrax spawns mostly in-
side the 36-m contour (Figure 7).

Genyonemus lineatus

White croaker (Genyonemus lineatus) larvae, like
northern anchovy, were present year-round but most
abundant in winter-spring (Figure 8). Spawning
centered on March agrees with data on gonad matura-
tion (Love et al. 1984). Love et al. (unpublished) show
a strong correlation between the numbers of larvae and
the numbers of trawl-caught adults in this species. The
small contribution of the 75-m stations to total larvae is
consistent with the general pattern of nearshore spawn-
ing in white croaker (Barnett et al. 1984; Love et al.
1984).

e
-
.-

1982

Figure 5. Estimated abundance of northern anchovy (Engraulis mordax) larvae, 1978-84. See legend of Figure 3.
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Figure 6. Density of northern anchovy (Engraulis mordax) eggs, 1982-84. See
legend of Figure 4.

Seriphus politus

Queenfish (Seriphus politus) larvae were abundant
mainly in spring-summer (Figure 9). Annual
abundance was quite similar in all six spawning
seasons represented here, the peak in April 1982 being
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mostly due to high abundance at a single transect
(Ormond Beach). Although queenfish spawn during
nocturnal seaward migrations (DeMartini et al. 1985),
their larvae were distributed about as near shore as any
(Figure 9; see also Barnett et al. 1984).

Paralichthys californicus

California halibut (Paralichthys californicus) larvae
were found year-round in the bight, showing a con-
sistent winter-spring pattern of high abundance (Figure
10). Halibut spawning appeared to be concentrated in
the central bight at Seal Beach, especially in 1983
when larval abundance at the other transects was parti-
cularly low (Figures 2 and 11). The summer minimum
of spawning effort was apparent throughout the bight.
P. californicus spawns mainly inshore of the 75-m
contour, as evidenced by the highly significant (Table
5) station-depth effect on distribution of yolk-sac
larvae (Figure 11) and the low contribution of larval
abundance at 75-m to the total (Figure 10).

DISCUSSION

Five taxa (Sardinops, Paralabrax, Genyonemus,
Seriphus, Paralichthys) predominantly occurred in-
side 36 m, and only one offshore beyond 36 m
(Engraulis). Though longshore pattern was not a
strong feature of these data, there were indications that
Seal Beach was a somewhat special place. The 1982
resurgence of sardine was centered at the Seal Beach
transect; anchovy spawning was consistently intense
there; and the contracted spawning of halibut in 1983

o
®

Figure 7. Estimated abundance of sea basses (Paralabrax spp.) larvae, 1978-84. See legend of Figure 3.

61



LAVENBERG ET AL.: SOUTHERN CALIFORNIA NEARSHORE ICHTHYOPLANKTON

CalCOFI Rep., Vol. XXVII, 1986

10000

1000

100

10

No. larvae x 10°

1978 1979 1980

Zrrre 7.

N
N.

OLECEDPDe U S LEDE U Shc e O
Q33 v e Q33 a 3
L3368 L3288 233883

1982 1983 1984

Figure 8. Estimated abundance of white croaker (Genyonemus lineatus) larvae, 1978-84. See legend of Figure 3.

was concentrated in this area, in the lee of the Palos
Verdes Peninsula. Although northern anchovy is a

wide-ranging, common, planktivorous fish that
spawns extensively in the bight, its effort in the south
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off San Onofre is poor. Barnett et al. (1984) remarked
on the low abundances of E. mordax eggs off San
Onofre, concluding that the large number of excess
larvae must come from outside the sampling area. Our

Figure 9. Estimated abundance of queenfish (Seriphus politus) larvae, 1978-84. See legend of Figure 3.
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Figure 10. Estimated abundance of California halibut (Paralichthys califor-
nicus) larvae, 1982-84. At the time of this writing, earlier counts (1978-80) of
this species were contaminated with those of fantail sole, Xystreurys lio-
lepis. The hatched area represents abundance between the 36- and 75-m
contours.

data of northern anchovy egg distributions support
their conclusion.

McCall (1983) predicted that as the spawning
biomass of a planktivorous fish stock shrinks, the
spawning should tend to contract into a few favorable
nearshore locations. Pacific sardine, which once was
an important commercial fish in offshore waters, is
such a depleted stock, its spawning biomass having
reached particularly reduced values between 1974 and
1978 (Wolf 1985). Sardine larvae were first en-
countered in nearshore waters in the central portion of
the bight at Seal Beach, and as the intensity of their
spawning increased they spread into surrounding coas-
tal waters. Our data suggest that MacCall’s model for a
recovering fish stock may apply to this species.

Ahlstrom (1967) reported spring and fall spawning
of Pacific sardine, the spawning during the second half
of the year being confined to a southern subpopulation
in waters adjacent to central Baja California. Because
the spawning effort of the recovering sardine stock has
primarily been in late summer and fall, the springtime
egg production noted by Wolf and Smith (1985)
probably underestimates the adult stock off southern
California. It is not known whether the large increases
of sardine eggs and larvae in the bight in the fall of
1982 were due to a shift in seasonality of a recovering
northern stock, or whether a fall-spawning southern
stock moved northward, or both.

There were apparent manifestations of the California
El Nino in these ichthyoplankton data. In the fall of
1983 round herring suddenly appeared in the bight.
This fish had not previously been identified from our

-
o

Yolk Sac Larvae per m2

Figure 11. Density of California halibut yolk-sac larvae, 1982-84. See legend of
Figure 4.

samples, and normally occurs in waters well to the
south of the bight. Pacific sardine spawning in-
tensified, and was sustained over a long season (June-
October). The number of larval taxa increased in 1983.
There was also a reduced level of spawning of
California halibut, which was contracted into the area
off Seal Beach, as mentioned above. The 1982
recovery of sardine corresponded with the onset of El
Nifo conditions in the tropics, but preceded by a year
the full development of anomalous hydrographic con-
ditions in the Southern California Bight (McGowan
1984; Petersen et al. 1986). One of us (G.E.M.) is cur-
rently investigating the relationship between spawning
intensity and aspects of the ocean environment.
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CAN WE RELATE LARVAL FISH ABUNDANCE TO RECRUITMENT OR
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ABSTRACT

The fish assemblage at King Harbor, California, has
been studied since 1974 by means of diver transect and
ichthyoplankton collection. This preliminary report is
an attempt to relate abundance data sets (larvae, juve-
niles, subadults, and adults, by species) to fluctuations
in the fish assemblage. The significant changes that
have occurred are probably associated with the El Nifio
events of 1978-79 and 1982-84. These warming trends
have reduced the abundance of cool-temperate species
while increasing the proportion of warm-temperate
ones. These changes could result from adult emigra-
tion or reproductive and recruitment failure. The
decrease in viviparous embiotocids seems to correlate
with fewer juveniles since 1976. For oviparous
species, changes in adult abundance may be reflected
in larval abundance, but in most cases recruitment and
larval abundance do not appear closely correlated. This
situation may result from a sampling bias toward early
(post-yolk-sac, preflexion) larval stages. The relation-
ship between larval abundance and recruitment has
been experimentally examined on a predator-cleared
reef. Assuming that a gauntlet of resident predators is
responsible for removing a large percentage of settling
recruits, we have removed all fish monthly from an
isolated reef and compared rates of settling to observed
planktonic abundances. Two species, Lythrypnus dalli
and Artedius creaseri, have shown correspondence
between larval abundance and recruitment, and this
method appears to provide a way of relating the two
data sets. Future expanded recruitment sampling and
increased knowledge of larval longevity should in-
crease the utility of these data.

RESUMEN

Los peces de King Harbor, California, han sido
estudiados por medio de buzos y de colecta de
ictioplancton. Este estudio preliminar intenta relacio-
nar datos de abundancia (larvas, juveniles, sub-
adultos y adultos, por especie) con fluctuaciones en el
conjunto de peces. Los cambios significativos que han
ocurrido estin probablemente relacionados con los
eventos El Nifio de 1978-79 y 1982-84. Estos calenta-
mientos han reducido la abundancia de las especies

GERALD E. McGOWEN

Los Angeles County Natural History Museum
Section of Fishes
900 Exposition Boulevard
Los Angeles, California 90007

frio-temperadas y aumentado la proporcion de aquellas
célido-temperadas. Estos cambios pueden ser el resul-
tado de una emigracién de adultos, o un fracaso en la
reproduccion y en el reclutamiento. Desde 1976, la dis-
minucion de embiotocidos viviparos parece estar
relacionada con una escasez de juveniles. Los cambios
en la abundancia de adultos de especies oviparas
pueden estar reflejados en la abundancia larval; sin
embargo, en la mayoria de los casos, el reclutamiento y
la abundancia larval no parecen estar relacionados.
Esta situacién puede ser el resultado de un sesgo en el
muestreo hacia estadios larvales tempranos (post-saco
vitelino, prefleccion). La relacion entre abundancia
larval y reclutamiento ha sido examinada ex-
perimentalmente en un arrecife sin depredadores.
Suponiendo que un conjunto de depredadores re-
sidentes elimina un alto porcentaje de los nuevos reclu-
tas, se sacaron mensualmente todos los peces de un
arrecife aislado. Se compararon las tasas de asenta-
miento en el arrecife con las abundancias observadas en el
plancton. Dos especies, Lythrypnus dalli y Artedius
creaseri, mostraron cierta relacion entre la abundancia
larval y el reclutamiento; este método permitiria rela-
cionar estos dos conjuntos de observaciones. A futuro,
un muestreo mas extenso del reclutamiento y un
aumento en el conocimiento de la longevidad larval
deberian aumentar la utilidad de esta informacion.

INTRODUCTION

The assemblage of fishes at King Harbor,
California, has been studied since 1974 (Terry and
Stephens 1976; Ellison et al. 1979; Stephens and Zerba
1981; Stephens et al. 1984). During this 12-year per-
iod, major environmental perturbations have occurred
(Cayan 1979; Smith and Eppley 1982; McLain 1984).
At the origin of this study, temperatures were anoma-
lously cold, but in 1978-79 a small El Nifio event
occurred, followed in 1982-84 by a major El Nifo.
These thermal events produced concomitant changes
in the fish assemblage at King Harbor (Stephens and
Zerba 1981; Stephens et al. 1984). The alterations
probably resulted from a combination of adult emigra-
tion and changes in spawning or recruitment success.
We have monitored the egg and larval abundance at
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King Harbor stations monthly during this study and
have recorded juveniles of 63 of the 105 species ob-
served in the harbor. Presently, we have data on about
30 species represented by all three stages (larvae, juve-
niles, and adults).

Most of the literature on population dynamics of
marine fishes has been concerned with migratory
pelagic or demersal stocks. These stocks may follow
controlled patterns, including timed spawning periods
coordinated with oceanographic events—a highly
evolved condition (Cushing 1975). Long-term records
from selected fisheries have allowed a few time series
to be developed from these data. For reef fish assem-
blages, few such records exist. Further, we know of no
data relating larval abundance to recruitment for these
fishes, and few studies are available describing larval
drift patterns (Ahlstrom 1971, 1972; Leis and Miller
1976). Recently, Brothers et al. (1983) and Victor
(1985) have documented larval longevity in some
tropical and a few temperate species, but these data are
unknown for most species. Because estimates of larval
longevity are often long (20-60 days) for reef fishes, it
seems probable that no relationship exists between the
resident spawning assemblage and recruiting larvae.

A number of recent studies have focused on reef
recruitment. The majority of these have dealt with
tropical reef assemblages (Sale 1977, 1978, 1980,
1984; Talbot et al. 1978; Williams 1980; Victor 1982,
1983, 1984). These recruitment studies have not simul-
taneously monitored pelagic larval availability; they
report primarily on juvenile success, habitat specifi-
city, etc. We have monitored pelagic larvae as well as
juvenile success and adult population fluctuations. Our
study also includes two years of experimental data
designed to determine the effect of resident fishes on
larval settlement. This preliminary report will attempt
to integrate these data sources and suggest their roles in
reef fish population dynamics.

MATERIALS AND METHODS

Since 1974, regular 5-minute isobathic diver
transects have been swum at 3-m depth intervals
between 1.5 and 15 m (Terry and Stephens 1976).
Species abundance by observable life-history stage has
been enumerated at eight stations in King Harbor
(Redondo Beach, California). Initially, transects were
taken monthly; they became quarterly in 1976. The
mean number of transects per year = 147.7 (SD =
56.7), maximum = 314 (1975), minimum = 102
(1978). Ichthyoplankton collections are taken with a
standard conical plankton net (333 ) fitted with a TSK
flowmeter. All samples are preserved using a
formaldehyde and sodium borate solution. Monthly
nighttime surface collections were taken at station DS
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Figure 1. King Harbor study site. 1A, 1B, 2, 3, 6 = diver isobathic transect
stations; 1S, DS = plankton stations; CR = cable reef.

(Figure 1) from January 1974 to February 1978 and
from February 1982 to the present. Station 1S, in close
proximity, has been sampled monthly since April
1978; additionally, mid-depth and epibenthic collec-
tions have been made at this station since August 1980.
The epibenthic collections are diver-assisted and were
taken during the day until night benthic sampling
began in June 1985. Data from surface stations DS and
1S taken on the same dates were tested for concordance
(Kendall’s tau) and found to be significantly associated
(P <.05). We have therefore combined surface data
from these two stations (1974-85). Since 1974, 2,173
samples have been taken, and 1,186 have been
completely sorted and identified, including all surface
samples from stations DS and 1S.

Resident fishes were first removed from Cable Reef
in July 1984. This small rock isolate, 5 m in cir-
cumference and 1.5 m high, is located at a depth of 11
m just inside the harbor entrance and 20 m from the
breakwater. Since 1984 the reef has been sampled
monthly by anesthetizing the fish with quinaldene and
vacuuming the surface with an air lift fitted with 333-p.
mesh bags. Samples are preserved in Formalin except
where otolith data are to be analyzed: these samples are
preserved in 95% ethanol. Temperature profile data are



STEPHENS ET AL.: LARVAL FISH RECRUITMENT
CalCOFI Rep., Vol. XXVII, 1986

= ABUNDANCE
— = DIVERSITY
800.0 + 13.5
~—_ +12.0
AN
5000 + )
+ 105
.——
L(:J_l 400.0 + 9.0 —
7 O
= L
Z 0
> P
[ 7.5 <
~ o
M 3000 -
O o
z so0 U
< —_—
[ &
LJ
% ) ' a5 5
200.0 4 ~ . ! ! .
2 IR ’
3.0
100.0 1
1.5
. ) ) . . ) . Figure 2. Yearly mean number of
oo ) Y . LI 5 f T t { f t species transect™' and mean abun-
80 &1 B2 83 B4 B85 dance of fish transect™* (dashes in-
YEAR dicate 95% confidence limits).

taken during all field sampling with diver ther-
mometers and YSI telethermometers. Data are entered
and stored in Occidental’s Prime 550 computer.

CHANGES IN KING HARBOR FISH
POPULATIONS (1974-85)

Generally during this study period, the fish assem-
blage as described by annual abundance of fishes and
by annual mean number of species has remained rela-
tively stable (Figure 2). The highest mean number of
species per transect was recorded in 1974 (13.1), the
lowest in 1980 (9.7), and the mean for this 12-year
period was 11.1 (SD = 1.22). The highest mean
number of fish per transect was recorded in 1985 (450),
the lowest in 1980 (117.4), with a 12-year mean of
154.8 (SD = 126.0). The numbers of individuals
have fluctuated considerably but suggest a nonsignifi-
cant increasing trend (y = 214.8 + 10.95x, r = 0.5).
The number of species has decreased slightly but signi-
ficantly (y = 11.87 — .19x, r = .75, .01 <P <.05).
Individually, a number of species have disappeared
from the study site, and new ones have replaced them.
In fact, the existing assemblage is significantly
different today from the one originally present in 1974
(Stephens and Zerba 1981).

When the annual abundance is broken down by
adults, juveniles, and larvae, and these categories are
compared over the 12-year period (Figure 3). the
abundance of larvae decreases (r = .64, .01 <P
<.05), while the abundance of adults increases (r =
1, .01 <P <.05). Juvenile abundance shows no
significant correlation (r = .39). The larval diversity
data (Figure 4) agree closely with the pattern of larval
abundance. These latter data suggest that increases or
decreases in abundance reflect addition or substraction

of species.
We have related adult abundance to changes in
thermal conditions (Stephens and Zerba 1981;

Stephens et al. 1984) and have attempted to relate
changes in larval abundance to the major temperature
shifts. Overall larval abundance was greater during
cooler years, as indicated by comparison to annual
minimal monthly temperatures (Figure 4). The decline
of some species during the study period may be related
to decreased larval or spawning success with increased
water temperatures, though adult emigration may have
occurred. The species that have increased are those
favoring warmer conditions. These changes in
abundance of dominant King Harbor species are
presented in Figures 5-10. Table 1 presents linear
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regression data and Pearson’s correlation coefficients
for these species. Chromis punctipinnis, Girella nigri-
cans, Halichoeres semicinctus, Lythrypnus dalli, and
Paralabrax nebulifer show significant positive corre-
lations (1974-85), whereas Cymatogaster aggregata,
Embiotoca jacksoni, Hypsurus caryi, Oxylebius picta,
Phanerodon furcatus, Rhacochilus vacca, Sebastes
mystinus, and S. serranoides show significant negative
correlations during this period. These data generally
agree with the species’ thermal characteristics as tested
in laboratory gradient experiments (Ehrlich et al. 1979;
Shrode et al. 1982, 1983; Hose et al., in prep.).

Some of the above-cited species are represented by
adequate larval and/or juvenile data for preliminary
recruitment analysis (Table 2). The viviparous
embiotocids lack larval stages and the concomitant
vagaries of planktonic existence. Parturition occurs at
the study site. All five species that were abundant at
King Harbor in 1974—C. aggregata (Figure 6), E.
Jjacksoni (Figure 6), H. caryi (Figure 7), P. furcatus
(Figure 9), and R. vacca (Figure 9)—have declined in
abundance, and all have shown reduced juvenile
abundance since the last cold anomaly (1975-76). The
maximum abundance of embiotocid juveniles was in
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Figure 3. Annual abundance of adults-
subadults, juveniles, and larvae at
King Harbor.

1974-75 (Table 2). A linear decline in abundance for
more than ten years would result from lack of adequate
recruitment and adult attrition in resident long-lived
species like E. jacksoni (Hough 1981). The other
species are more often wanderers or have seasonal
migration patterns (e.g., Cymatogaster [Wiebe 1968])
and may not fit this scenario.

The ovoviviparous rockfishes (Sebastes) show a
similar pattern. The blue S. mystinus (Figure 10) and
olive S. serranoides (Figure 10) were extremely
abundant as juveniles and yearlings in King Harbor
during the pre-El Nifo period but declined precipitous-
ly in warm-water years, with juveniles being absent or
very rare since 1980. The calico S. dalli (Figure 9)
recruited well in 1975 and 1979. Following the initial
recruitment, the population declined about 25% per
year, and this small, relatively short-lived species
appears to survive four to five years from a single
recruitment event. Following 1979, however, adults
disappeared, apparently in response to warm water.
Rockfishes in general have not recruited well to
shallow water since the onset of the 1978-79 El Nino
(Mearns et al. 1980). Both recruitment failure and
emigration may have occurred.
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TABLE 1
Linear Regressions and Correlation Coefficients for 1974-1986 Data
Linear regression r Significance
Anisotremus davidsonii y= 030 +0.13x 0.41 NS
Atherinops affinis y = 4390 —2.28x ~-0.42 NS
Chromis punctipinnis v = 233+1420x 0.85 .001
Citharichthys stigmaeus y= 072 -0.08 x -0.57 NS
Coryphopterus nicholsii y= 044 -0.18x -0.28 NS
Cymatogaster aggregata y = 47.00 —4.81x -0.73 .01
Embiotoca jacksoni y = 16.10 —0.46 x -0.58 .05
Girella nigricans y = 538+137x 0.85 .001
Halichoeres semicinctus y = -2.25+0.82x 0.82 .01
Heterostichus rostratus y= 032+0.05x 0.55 NS
Hyperprosopon argenteum y = 7.81 -0.60x -0.33 NS
Hypsurus caryi y = 8.60 —0.66x -0.80 .01
Hypsypops rubicundus y = 3.49+0.03x -0.41 NS
Lythrypnus dalli y=-482+1.29x 0.77 .01
Medialuna californiensis y= 128 -0.06x -0.31 NS
Oxyjulis californica y = 20.56 +0.44 x 0.14 NS
Oxylebius pictus y= 0.58-0.04x -0.65 .05
Paralabrax clathratus y= 637+047x 0.40 NS
Paralabrax nebulifer y = -1.28 +0.75x 0.86 .001
Phanerodon furcatus y = 581 +031x -0.68 .05
Rhacochilus toxotes y= 072 +0.39x 0.32 NS
Rhacochilus vacca y = 9.44 -0.59x -0.82 .01
Sebastes dallii y = 151 -0.13x -0.42 NS
Sebastes mystinus y = 14.59 —1.58x -0.78 .01
Sebastes serranoides y = 6.09 —0.58x -0.74 .01
Semicossyphus pulcher y = 0.60-0.00x ~-0.03 NS
Trachurus symmetricus y= 643 +3.10x 0.33 NS
TABLE 2
Mean Abundance by Year: Larvae per Thousand Cubic Meters and Juveniles per Transect
Years
Species Stage 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985
Cymatogaster aggregata J 16.7 28.6 20.6 .1 123 5.5 0.3 0.4 0.6 0.1 0 0
Embiotoca jacksoni J 2.1 4.3 2.7 0.5 0.7 1.0 0.7 1.5 1.9 0.2 1.1 1.2
Hypsurus caryi J 1.1 0.7 0.2 0.2 0.2 0.1 0.1 0 0 0 0.1 0
Phanerodon furcatus J 0.8 0.6 0.1 0 0 0.1 0.1 0 0* 0 0.1 0.2
Rhacochilus toxotes J 0.1 0.2 0* 0 0 0 0* 0* 0 0 0 0
Rhacochilus vacca J 2.4 2.6 0.3 0.2 0.1 0.2 0.5 0.4 0.7 0.1 0.4 0.1
Chromis punctipinnis L 176.9 0 10.8 0 0 236.2 242.6 0 100.8 12.3 104 0
] 14.3 9.8 56.3 275 36.5 81.0 237 354 202 460 58.1 299
Hypsypops rubicundus L 0 0 0 91.4 245.7 1909 3844 57.2 1499 80.2 37.1 1114
] 0.4 0.7 0.9 1.3 0.9 0.3 0* 0.1 o* 0* 0.1 0.1
Halichoeres semicinctus L 1.2 0 0 0 0.4 4.4 0.5 0 1. 155 0.9 1.2
J 0.1 o* 0.1 0.1 0.1 0.9 0.5 0.1 0.2 0.9 3.0 0.4
Oxyjulis californica L 21.1 1303 728 97.0 0 0 185.6 358.4 151.1 2149 225 322
J 2.4 3.8 7.6 17.6 11.0 17.1 2.4 3.8 0.7 1.6 0.8 1.0
Semicossyphus pulcher L 10.4 0 0 12.2 0 44.8 0 0 70.1 356 104 0
J 0.1 0* 0 0.9 0.5 0.5 0 0 0.1 0 0.1 o*
Cheilotrema saturnum L 68.8 38.7 279.8 794 209 458 0 71.6 1165 484 453 427
J 1.7 0.5 0.7 0.8 23 1.5 0.6 1.8 0 o* 1.0 0.3
Anisotremus davidsonii L 11.6 0 0 0 0 0 0 0 0 21.6 104 22.1
J 0 0.2 0 0.2 0.9 0* 0.3 0.1 0.1 0.2 1.0 0.5
Girella nigricans L 0 0 1.1 10.6 0 0 0 0 0 0 0 0
J 2.1 0.7 3.4 0.9 0.4 4.1 0.6 3.6 1.8 1.5 1.2 0.6
Sebastes mystinus J 21.8 6.9 2.7 4.8 0.6 0.2 0 0 0 0 0 0
Sebastes serranoides J 5.2 1.9 3.1 7.9 0.1 0.2 0 0 0 0 0.2 0.2
Paralabrax clathratus J 0.5 0.6 7.1 1.4 5.6 7.0 1.4 33 2.0 0.2 1.4 0.9
Paralabrax nebulifer J 0* 0* 0.8 0* 1.4 1.0 0* 0.1 0.1 0.1 0.7 0.1
* ) < abundance <.05 J = juveniles L = larvae
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The genus Paralabrax includes three species at King
Harbor: P. clathratus, P. maculatofasciatus, and P.
nebulifer. Their larvae cannot presently be separated.
These resident serranids produce pelagic eggs and
larvae. Both P. nebulifer and P. clathratus (Figure 8)
have increased with the warm water, but this increase
relates only marginally to juvenile abundance and not
at all to available larvae (Figure 11). The immigrant
stage of P. nebulifer may be the subadult, because
schools of first-year fish have been observed entering
the harbor.

The oviparous wrasses (resident or wandering) have
generally increased in El Nifio years. As an example,
the data for Halichoeres semicinctus (Figure 12) may
show a direct relationship between larval availability,
juvenile recruitment, and adult abundance. Victor
(1985) lists 29.9 days as the mean larval life of H.
semicinctus, certainly long enough for considerable
larval transport. Our data suggest a three-year lag
between larval abundance and that of adults.

The resident, territorial, nest-guarding pomacentrid
Hypsypops rubicundus (Figure 13) shows statistically
significant correlation between adult and larval abun-
dance (r = .84, P <C.01), and the decrease in larval
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numbers (1982-84) was directly correlated with the
number of nest failures in these years (Singer and
Stephens, in prep.). In this long-lived, territorial
species (Clarke 1970) successful recruitment may be
regulated by adult abundance (Beverton and Holt-type
recruitment, Eberhardt 1977).

Finally, the annual or semiannual nest-guarding
oviparous goby Lythrypnus dalli (Figure 14) shows a
significant correlation (r = 81, .01 <P <.05) between
abundance of adults and larvae. In this case, the fact
that adulits are short-lived with low fecundity makes the
relationship between adults and larvae quite precise.

The above examples indicate that though in some
cases there may be a relationship between adult
abundance and larval abundance (a fact recognized by
fishery egg and larval surveys), larval abundance may,
but does not predictably, translate into recruitment
(Smith 1981).

LARVAL ABUNDANCE AND JUVENILE
RECRUITMENT

The relationship between larval abundance and
recruitment should be more intimate if the larvae
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Figure 5. Annual abundance transect ' by species: adults, subadults, and juveniles combined (dashes indicate 95% confidence limits).

sampled represent later stages of development (flexion
or late preflexion). Though these stages are sampled,
the majority of the identifiable larvae taken are post-
yolk-sac, preflexion stages. Later larvae are not only
less numerous (depleted by starvation, predation) but
are probably more adept at avoiding nets. More late
larvae have been captured in our epibenthic, nocturnal
samples, which we began taking in 1985. Table 3
presents the percentage of “returning’” late larval stages
in the stratified plankton samples. A relatively high

TABLE 3
Percent Late Larval Stages by Depth,
June-September 1985

Genus Surface Mid-depth Epibenthic
Hypsoblennius 0.12 0 0.38
Gibbonsia 0 345 30.6
Paraclinus 10.5 17.6 15.6
Lythrypnus 0 1.3 0.9
Gobiesox 0 0 223
Paralabrax 0 - 2.9
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Figure 6. Annual abundance transect ™' by species: adults, subadults, and juveniles combined (dashes indicate 95% confidence limits).

number of these late larvae are sampled for a few
species.

Even if we are able to adequately sample “returning”
larvae as they enter the reef environment, they will be
subject to increasing numbers of predators as they
approach the substrate (Johannes 1978). Only those
that survive this “predator gauntlet” will be available
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for settlement. The correlation between available
returning larvae and the abundance of settlers should
be affected by the abundance of predators. We feel that
small, cryptic resident fishes such as blennies and
gobies are important elements of this predator commu-
nity, and we have begun laboratory experiments to
document their removal of settling larvae (Stephens, in
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Figure 7. Annual abundance transect ' by species: adults, subadults, and juveniles combined (dashes indicate 95% confidence limits).

prep.). Our removal of resident fishes from Cable Reef
was designed to test the relationship between larval
abundance and the abundance of settlers in the absence
of predators.

In the first year’s study (July 1984-July 1985) we
collected 445 newly settled larvae of 6 species, and 559
immigrants of 21 species on the predator-free reef. The

total (1,035) is about ten times the original population
(Table 4). After the initial fish removal (July 24, 1984),
a high percentage of immigration to the reef occurred
from the surrounding shell and some adjacent rocks.
From July 1984 to March 1985, larval settling only
accounted for an average of 25% of the recruitment.
From April 1985 to November 1985, 78% of the re-
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Figure 8. Annual abundance transect ™ ' by species: adults, subadults, and juveniles combined (dashes indicate 95% confidence limits).

cruitment was via larval settling. Only two species, the
cottid Artedius creaseri (winter-spring) and the goby
Lythrypnus dalli (summer) had obvious settling pulses
and showed some tentative correlation to the pelagic
larval abundance. A number of species abundant in the
plankton and originally present in the habitat (e.g.,
Hypsoblennius jenkinsi and Paraclinus integripinnis)
were taken only occasionally during this study.
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Table 5 presents annual larval abundance data for
Cable Reef residents (1974-85). Settling activity was
reduced during the summer of 1985. Even L. dalli,
which had been dominant in the plankton since March
1985, did not recruit to the reef until mid-September,
which may reflect later recruitment caused by the
breakdown of El Nifio. This lack of recruitment was
also observed in two samples taken from control reefs
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at similar depths in July-August. Both control reefs
showed only spring recruitment of A. creaseri, sugges-
ting that the recruitment pattern observed during our
study reflected that of unmodified reefs at the same
depth. For the species that did settle, the level of set-
tling was much higher at the predator-free reef, which
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Figure 9. Annual abundance transect ' by species: adults, subaduits, and juveniles combined (dashes indicate 95% confidence limits).

we conclude resulted from the absence of the predator
gauntlet. Our data suggest that this high level of set-
tling might not correlate with the observed planktonic
abundance. The number of A. creaseri in the plankton
during 1985 was not high; the mean annual abundance
of 5.3 larvae/1000 m> was insignificantly lower
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TABLE 4
Fish Removed from Cable Reef
Original
assemblage 1984 1985

July Aug Sept Oct Nov Dec Jan Mar Apr May  June July Aug Sept Oct Nov  Total
Alloclinus holderi 1 — — — 1 _ — — — — — — 1 1 — — 4
Artedius creaseri 4 4 4 6 1 -— — 5 36 119 14 3 12 2 — — 210
Chromis punctipinnis — 2 29 4 2 9 - — — — — — — — — — 46
Coryphopterus nicholsii — 1 — e — — — — — — — — 2 1 — — 4
Gibbonsia elegans 4 3 1 1 — 1 - — — — — — 1 — e — 11
Gobiesox rhessodon 1 2 — — — — — 1 1 — — — — 1 — — 6
Hypsoblennius gentilis — — — 1 — — — — — e 1 1 2 — e — S
Hypsoblennius jenkinsi 12 Il 7 15 5 6 4 1 — — — — — 2 1 — 64
Lythrypnus dalli 63 111 199 126 75 60 28 14 2 3 — 1 8 67 32 75 864
Neoclinus stephensae 12 8 2 8 1 — 3 2 1 — — 5 1 — 1 1 45
Odontopyxis trispinosa — — — — — — — — — -— 1 — — — — 1
Orthonopias triacis 5 1 1 1 — — — — 6 1 1 2 1 — 1 20
Oxylebius pictus — — 1 — — — — — — — — — — — — 1
Paraclinus integripinnis 6 1 1 — 2 — — — — — — — — — — — 10
Paralabrax — — — 1 — — —_ — — —_ — — — —_ — —_ 1

maculatofasciatus

Paralabrax nebulifer — — — - -— 2 1 — 1 — - — — — — . 4
Rathbunella sp. — — — — — — — — — 1 — — 1 — — 1 3
Scorpaena guttata 4 — — — — 1 — — — — 2 — — — — — 7
Scorpaenichthys marmoratus 4 —— — — — — — — 1 2 — — 2 — 1 — 10
Sebastes auriculatus 1 — — — — — — — — — — - — — — — 1
Sebastes miniatus — — — — — — 1 2 1 3 — — — — — — 7
Syngnathus sp. — — — 1 — — — — — — — - — — — — i
Total individuals 117 143 245 164 88 79 37 25 43 134 18 12 32 75 35 78 1325
Total species 12 9 9 10 8 6 5 6 7 6 4 6 8 7 4 4 —

(Kruskal-Wallis) than the 11-year mean for 1974-85
(10.1/1000 m?). The maximum annual larval abun-
dance for this species was 20.6/1000 m? in 1982.
Because the number of settled recruits on the
predator-free reef was higher than previously observed
for this species on unmodified reefs, it appears that
removal of resident fish allowed enhanced recruit-
ment. Recruit abundance at the predator-free reef may
be more strongly correlated with larval availability
than it is at unmodified habitats, a fact that again would
appear to support our premise. The temporal relation-
ship between monthly larval abundance and settling for
A. creaseri is shown in Figure 15. Only with additional

paired planktonic and recruitment samples can we
determine the concordance between larval abundance
and recruitment in the absence of the predator gauntlet.

Lythrypnus dalli recruited very successfully to the
predator-free reef in 1984. In this case, the planktonic
larvae were quite abundant (x = 171.6/1000 m?) versus
the maximum recorded mean (1985) of 232.1/1000 m?,
whereas the mean for the 11 completely sampled years
was 78.4/1000 m®. The abundance of L. dalli as a
plankter and a reef inhabitant at King Harbor has been
significantly higher since the onset of El Nifio in 1978
(Kruskal-Wallis, P <.05). This semiannual species
maintains its population only with continual recruit-

TABLE 5
Annual Abundance of Larvae per Thousand Cubic Meters for Species Inhabiting Cable Reef
Years

1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 12-yr

Number of tows 19 18 22 26 26 30 21 10 23 24 24 24 %
Artedius creaseri 7 63 195 186 08 27 13 169 90 206 119 173 53 10.1
SD 145 385 60.2 28 52 52 213 180 47.0 184 147 126 1.3
Loth dalli % 6.0 49 24 6.2 185 63.9 50.6 356 167.6 187.1 171.6 232.1 78.4
YIRTYprus aai SD 152 100 80 11.6 327 140.6 847 64.8 2355 405.0 225.8 4914 84.7
Gibbonsia elegans i 67 1.2 1.8 1.1 200 17.1 21.0 67 45 14 54 29 75
SD 114 52 4.0 58 436 246 41.1 95 104 50 11.0 85 15

Paractinus integripinnis 33.1 203 5.2 263 329 271.7 324 2357 68.7 256 499 202 685
SD 664 57.4 125 69.8 554 558.7 55.1 466.4 179.7 546 122.8 56.0 88.3
Hvpsoblenni £ 1751.9 946.4 529.8 984.6 320.9 548.9 1009.8 633.8 761.6 410.1 262.4 705.1 738.7
YPSODLENNIUS SP- SD 3261.9 1372.8 705.2 1659.4 562.4 571.2 1353.0 1050.8 1055.0 575.3 459.3 1348.1 405.1
Neoclinus sp % 43 7.1 57 130 40 57 125 12 112 14 0 04 55
: SD 7.2 200 145 287 94 116 158 3.6 202 49 0 20 4.6
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Figure 10. Annual abundance transect ™' by species: adults, subadults, and juveniles combined (dashes indicate 95% confidence limits).

ment and has been extremely abundant since 1981
(Figure 14). The larval abundance (summer 1985)
suggested another very strong recruitment year, but the
settling of 234 recruits (September 1985-February
1986) did not quite match the success of 1984 (n =
263), though larval abundance was higher. The
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temporal relationship between larval abundance and
settlement for Lythrypnus is presented in Figure 16.
When the experimental reef was first sampled, the
blennies H. jenkinsi, Neoclinus stephensae, P. in-
tegripinnis, Gibbonsia elegans, and Alloclinus holderi
made up 30% of the assemblage (Table 4). During
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Figure 11. Abundance of larvae,
juveniles, and adults of Paralabrax.
Each bar represents the adults of
three species: P. clathratus is the
base, P. nebulifer the center, and P.
maculatofasciatus the top.

Figure 12. Abundance of adults,
juveniles, and larvae of Halichoeres
semicinctus.
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Figure 13. Abundance of adults, juve-
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summer 1984, both H. jenkinsi and N. stephensae
recruited to the reef at close to replacement levels,
while the remaining three species did not recruit. Dur-
ing 1985 only two H. jenkinsi and two A. holderi
settled on the reef, while N. stephensae again recruited
at about replacement level. Again, P. integripinnis and
G. elegans did not recruit. When these recruitment
data are compared to the annual larval abundance for
each species (Table 5), all species—with the exception
of Hypsoblennius (1985)—showed relatively low
(below mean) levels of availability (A. holderi larvae
have not yet been described). The absence of recruit-
ment to the predator-free reef may reflect this lowered
larval availability.

By contrast, the almost complete absence of settling
of H. jenkinsi in 1985 does not appear to correlate to
larval density. There are a number of untested possibil-
ities that could explain this situation. Some evidence
(La Belle and Nursall 1985) suggests that blenny larvae
settle preferentially to reefs occupied by conspecifics.
Removal of adults would then cause lower settling. It is
also possible that H. jenkinsi settles primarily in
shallower water: the larvae are surface-orienting, and
the center of distribution of adults is <10 m (Stephens
etal. 1970). If this is true, the predator-free reef would
be a marginal habitat. We have sampled a series of very
shallow reefs this last year, and H. jenkinsi settlement

did occur in these habitats. Our studies now include
reefs at 3 and 15 m, bracketing by depth the original
study site. A third possibility is that the Hypsoblennius
larvae that increased in 1985 were not H. jenkinsi but
congenerics which cannot, at present, be distinguished
at preflexion stages.

Finally, a phenomenon of possible interest is
suggested from P. integripinnis and A. creaseri data,
which suggest that larval settlement may occur to soft
(sandy) substrate. Movement of the cottid A. creaseri
onto our reef suggests such a phenomenon, and
Marliave’s (1977) data for a congeneric species,
though inconclusive, did show a settling preference for
coarse gravel. Our data (Table 6) and that recently
published by Barnett et al. (1984) appear to suggest that
Paraclinus, which is taken abundantly in the epiben-
thic and midwater plankton at night, drops to low
levels in these samples during the day (x* <.0l). Some
of this difference could be related to diurnal net
avoidance, but we suggest that Paraclinus may
presettle to the soft substrate during the day. Nocturnal
excursions by these settlers into the water column to
feed would allow drift to transport the metamorphosing
juveniles onto available rock substrate. Compared to
planktonic larvae, these presettled individuals might
be better developed and more able to avoid the predator
gauntlet present in a reef habitat. Further, immigration

TABLE 6
Day/Night Distribution of Selected Larvae/1000 m®, Summer 1985 (Surface Samples Excluded)
June July August
Mid-depth Bottom Mid-depth Bottom Mid-depth Bottom
Day
Hypsoblennius sp. 1,353.9 386.8 389.8 329.4 550.4 206.8
Clinid “A” 20.8 143.7 21.1 270.6/11.8 33.0 82.7/10.3
Paraclinus integripinnis 541.6/62.5* 99.5 198.7/10.5 0 539.4/22.0 1,251.3/51.7
Goby “A/C” 166.6 221 21.1 235.5 22.0 62.0
Lythrypnus dalli 41.7 332 0 11.8 44.0 20.7
Gobiesox rhessodon 41.7 66.2 63.2 270.6 11.0 62.0
Paralabrax sp. 0 44.2 10.5/52.7 47.1 0 10.3
Pleuronichthys verticalis 41.7 11.1 10.5/10.5 188.2/35.3 0 20.7
Heterostichus rostratus 0 0 10.5 0 0 31.0
Hypsypops rubicundus 0 0 0 0 0 0
Night
Hypsoblennius sp. 776.5 316.1 1,876.3 242.5 2,037.8 1,849.7
Clinid “A” 0/11.8 189.7/115.9 12.1 88.2/22.0 9.8/9.8 74.4/21.3
Paraclinus integripinnis 483.0/82.0 653.3/21.1 2,324.2/363.0 3,681.3/407.8 1,273.6/407.8 435.8/276.4
Goby “A/C” 0 073.8 411.6 407.8 313.5 414.6
Lythrypnus dalli 0 243.3 1,222.6 826.6 215.5/19.6  255.1/10.6
Gobiesox rhessodon 11.8 73.8/21.1 96.8 143.3/44.1 9.8 10.6
Paralabrax sp. 0 10.5 447.9 330.7/11.0 0 21.3
Pleuronichthys verticalis 1.8 21.1 12.1 0 0 0
Heterostichus rostratus 0 21.2 12.1 22.0 0 0
Hypsypops rubicundus 70.8 126.4 254.2 11.0 9.8 10.6

“Denominator when present = number of late-stage larvae
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would occur at night, which would reduce initial
predation, because most discrete plankton feeders are
visually orienting (Zaret 1980). Though we have thus
far concentrated our epibenthic sampling to above-reef
habitats, we are presently building an epibenthic sled
to intensively sample the soft substrate (Madenjian and
Jude 1985) in order to test this hypothesis.

SOME TENTATIVE CONCLUSIONS
FROM THESE PRELIMINARY DATA

The present analysis suffers from a number of short-
comings that we hope to eliminate in the future;
primarily, we lack detailed and specific juvenile fish
surveys, and have had difficulty in sampling returning
larvae. The available data, however, show some inter-
esting relationships. Because we sample predominant-
ly young larval stages before their offshore dilution
with the coastal larval pool, there is a reasonable con-
cordance between larval production and local popula-
tion levels. The relationship between these early larval
stages and incipient settlers will depend on a series of
factors: the relationship between larval production in
the local assemblage to that in the rest of the Southern
California Bight, and the distributional pattern of the
local larvae.

Little or no data are presently available regarding
distributional patterns, but newly available data on
larval age at least give us an estimate of the length of
planktonic life. Preliminary bightwide data (Figure 4)
appear to show the same pattern of total larval
abundance for the bight as for King Harbor (1982-84),
but the species data are not as clear. If there is annual
agreement between larval production on local reefs and
throughout the bight, there should be some level of
agreement between larval production and incipient
settlers. The same situation would obtain if larvae were
not dispersed to the coastal pool. The relationship
between incipient settlers and recruits depends upon
the hazards of settling. Our predator-free experimental
reef has demonstrated a close relationship between
available larvae and recruitment in Lythrypnus dalli
and Artedius creaseri, but other species have not re-
cruited when expected. Better knowledge of settlement
stimuli and wider latitude in available depths and types
of predator-free habitats will enhance our continuing
studies. We feel that our approach of combining a time
series of samples with experimental analysis of re-
cruitment may yield insight into the phenomena
regulating fish stability on a temperate reef.
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ABSTRACT

A series of bimonthly trawls was made at stations off
three areas (Ormond Beach, Redondo Beach, and San
Onofre) in the Southern California Bight. Three depths
(6.1, 12.2, and 18.3 m) were sampled from 1982 to
1984. At all three areas, queenfish (Seriphus politus),
white croaker (Genyonemus lineatus), and northern
anchovy (Engraulis mordax) dominated the 6.1-m sta-
tions. Off the Ormond area, queenfish and white
croaker were the important species out to 18.3 m.
However, off Redondo and San Onofre, these two spe-
cies became less dominant in deeper water, giving way
to an assortment of flatfishes (particularly speckled
sanddab, Citharichthys stigmaeus; hornyhead turbot,
Pleuronichthys verticalis; and fantail sole, Xystreurys
liolepis). Disregarding seasonality and yearly varia-
tion, we found that fish abundances off Redondo and
San Onofre decreased with depth, but remained
constant at Ormond. This latter phenomenon was due
to large numbers of queenfish and white croaker found
throughout the Ormond isobaths. For fish one year of
age and older (with the partial exception of white
croaker and queenfish), there was a decline in mean
abundance over the three-year period, particularly
from 1983 to 1984. There was an increase in abundance
of some species, notably California barracuda
(Sphyraena argentea) and spotted turbot (Pleuronich-
thys ritteri). Though recruitment of some species such
as speckled sanddab and walleye surfperch (Hyperpro-
sopon argenteum) declined from 1982 to 1984, a
number of species (including queenfish, northern
anchovy, California barracuda, and spotted sanddab)
appeared relatively unaffected or even enhanced dur-
ing the El Nifo event.

RESUMEN

Una serie de arrastres bimestrales fue realizada en tres
areas (Ormond Beach, Redondo Beach, y San Onofre)
en la Bahia del Sur de California. Tres profundidades
(6.1, 12.2, y 18.3 m) fueron muestreadas en 1982-
1984. En las tres areas, Seriphus politus, Genyonemus
lineatus y la anchoveta del norte, Engraulis mordax,
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dominaron a 6.1 m de profundidad. Frente a Ormond,
S. politus y G. lineatus fueron las especies mas impor-
tantes hasta 18.3 m. Sin embargo, frente a Redondo y
San Onofre, estas dos especies fueron menos comunes
en aguas profundas, siendo reemplazadas por un
conjunto de lenguados (especialmente Citharichthvs
stigmaeus, Pleuronichthys verticalis, y Xystreurys
liolepis). Sin considerar las variaciones estacionales y
anuales, las abundancias de peces disminuyeron en
profundidad frente a Redondo y a San Onofre aun
cuando permanecieron constantes en Ormond. Este
tltimo fenémeno se debid al gran niimero de S. politus
y G. lineatus presentes a todas profundidades. Las
abundancias promedio de peces de un afno o mds (con la
excepcion parcial de G. lineatus 'y S. politus) dismi-
nuyeron durante el periodo de tres anos, especialmente
entre 1983 y 1984. La abundancia de algunas especies
aumento, en particular la barracuda S. argentea y P.
ritteri. Aun cuando el reclutamiento de algunas
especies, como por ejemplo C. stigmaeus € Hyper-
prosopon argenteum, disminuyé entre 1982 y 1984,
otras especies (incluyendo a S. politus, E. mordax, §.
argentea, y P., ritteri) parecieron no ser afectadas e
inluso favorecidas durante el evento El Nino.

INTRODUCTION

Knowledge of fish assemblages within the Southern
California Bight is uneven. A considerable amount is
known about pelagic assemblages, both offshore (Mais
1974) and nearshore (Allen and DeMartini 1983).
There have been numerous surveys of inshore rocky
reef communities (Ebeling et al. 1980; Stephens et al.
1984; Larson and DeMartini 1984), and something is
known of the soft substrata fishes from 18 m down to
about 900 m (Fitch 1966; Mearns 1979; DeMartini and
Allen 1984; Cross'). There are no published studies on
fish assemblages from the shallowest (< 18 m), open-
coast, soft substrata habitats. In 1982 we initiated a
survey of this inshore habitat. This report describes the
results of this survey from 1982 to 1984.

'Cross. J. MS. Fishes of the upper continental shelf off southern California.
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Figure 1. Location of trawling sites within the Southern California Bight. Sampling was conducted in three areas: 7, Ormond; 2, Redondo; 3, San Onofre. Dark ovals
indicate the stations—three each along the 6.1-, 12.2-, and 18.3-m isobaths in each area.

METHODS _ TABLE 1 . _
Sampling was conducted bimonthly from February Latitude and Longitude of Trawling Stations
1982 to December 1984 off three areas—designated within the Southern California Bight
San Onofre, Redondo, and Ormond (Figure 1). Within Depth
each area were trawling stations—three each along the Area Station (m)  Latitude (N) Longitude (W)
6.1-, 12.2-, and 18.3-m isobaths (Figure 1). In the San Ormond Ventura 6.1 34°16.20' 119°18.34°
Onofre area the stations were San Mateo Point, San 122 34°16.03' 119°18.50'
Onofre, and Don Light; in the Redondo area they were . 18.3 3471570 l 19018'71,
Torrance, Redondo, and Venice; and in the Ormond Mandalay lfé 23::};’ 113:2;6
arca they were Ormond, Mandalay, and Ventura. Table 183 13°13.19°  119°17.43"
1 gives precise locations of these stations. Because the Ormond 6.1 34°06.87' 119°09.41"
study focused on area rather than station, we grouped iéf;- -21282-;8: ::3:838})
our results by area. Throughout the paper the word o L yenice 6.1  33°58.64°  118°28.20°
location is used interchangeably with area. 22 33958 40’ 118578 82’
Each survey consisted of two replicate trawls per 183 33°58.25' 118°29 24/
day, for two successive days, at each depth and station. Redondo 6.1  33°51.89 118°24.39’
As an example, during the February 1982 survey, we 122 33°51.76' 118°24.79'
made four trawls at 18.3 m off San Mateo Point over Torr: 18.3 1225‘8', ”802‘1'95,
two days, two trawls per day. Sampling was conducted orrance lgé %%ojg‘gg' } :go;’%gg,
during daylight hours with a 7.6-m semiballoon otter 183 33°49.43' 118974 44’
trawl towed at two knots for five minutes. Trawls were San Onofre  San Mateo 6.1  33°23.50' 117°25.11"
made along an isobath parallel to shore, in an upcoast 122 33°23.20° 117°36.70°
directjon. All fishes collected were identified (based San Onofie '2'? ::ng?g H;O;Z;?
on Miller and Lea 1972), counted, and measured (stan- 122 332047 117°34.34"
dard length). 8.3 33°21.09' 117°34.01
We used the index of community importance (ICI; Don Light 6.1  33°19.21 117°30.43
Stephens and Zerba 1981) to estimate each species’ 122 33°18.83"  117°30.95'
18.3 33°18.35' 117°31.52'

contribution to its assemblage. ICIs were determined
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in the following way. For each assemblage, species
were ranked by percent abundance and percent fre-
quency of occurrence. For each species, the two ranks
were summed, and the species were reranked based on
that sum. The respective 1ClIs were the sum of the two
ranks. We compared the top ten species from each as-
semblage with Kendall’s coefficient of concordance
and Kendall’s tau coefficient (Siegel 1956).

We tested whether there was an overall seasonal
abundance pattern by using a crossed analysis of vari-
ance, performed on the log-transformed data for fish
abundance (raw count + 1) (Afifi and Azen 1979).
Fixed model was assumed with main effects being
location, year, and season, with season nested within
year. Type Il sum of squares was used so that compar-
ison of main effects could be made even in the presence
of interactions (Freund and Littell 1981).

Using all data, we noted large interactions, which
implied that there was no overall seasonal pattern. We
then performed the analysis on three key spe-
cies—Engraulis mordax, Genyonemus lineatus, and
Seriphus politus—and on the rest of the species com-
bined (predominantly various flatfish). In order to take
an unbiased approach, we further separated the
analyses by water depth (young-of-the-year and 1+ yr
fish) and season: winter (December and February) and
nonwinter (April, June, August, and October).

We determined fish recruitment patterns (by area,
season, and depth) by ascertaining the geometric mean
abundance per trawl of small (less than 5 cm SL) in-
dividuals by month over the three years. Six species,
ranked highest on the ICI, were abundant enough to
analyze. Similarly, we wished to exemplify the relative
year-class strengths of important species over our
three-year study. We selected 12 species and computed
the geometric mean abundance per trawl per species,
this time of young-of-the-year fishes. Concurrently,
we analyzed the abundances of fishes older than one
year and plotted this on the same figure.

RESULTS

Species Composition

6.1/ m. Midwater, actively swimming species (main-
ly croakers—Sciaenidae; seaperches—Embiotocidae;
and anchovies—Engraulidae) dominated the shatlow-
est isobath and constituted most of the top ten ICI
species (Table 2). In all, 82 species and 104,564 in-
dividuals were captured.

Queenfish (Seriphus politus) had the highest ICI
ranking, followed by white croaker (Genvonemus
lineatus) and northern anchovy (Engraulis mordax).
These three species composed 86.9% of all fish cap-
tured on the 6.1-m isobath. However, E. mordax,
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though taken in high numbers, was encountered in
about one-third of all trawls, far less often than S.
politus or G. lineatus. When E. mordax was captured,
it was often found in large numbers, as many as 7,000
per trawl. Both walleye seaperch (Hyperprosopon
argenteum) and California halibut (Paralichthys
californicus), though taken in comparatively low num-
bers, were caught with greater frequency.

12.2 m. Compared to 6.1 m, slightly more species
(87) but far fewer individuals (53,594) were captured
along the 12.2-m isobath (Table 3). Some midwater
species, particularly S. politus and G. lineatus, were
again very important constituents of this assemblage.
However, benthic fishes (flatfishes and the California
lizardfish, Synodus lucioceps) gained in importance
among the top ten ICI species.

Seriphus politus and G. lineatus composed 76.8% of
all fish taken. However, S. politus was not the over-
whelmingly dominant species, as it had been in 6.1 m.
Here it was the most abundant species (though only
about half as many fish were taken as were taken in 6.1
m), but it was encountered less often than along the
shallower isobath (44.5% vs 66.6% of all trawls). G.
lineatus occurred with about the same frequency as in
the shallow depth, with somewhat greater abundance.
Greatly increasing in frequency of occurrence and
abundance over 6.1 m, the specklefin sanddab
(Citharichthys stigmaeus) was an important member of
this assemblage, having the same ICI as the former two
species.

18.3 m. Fewest species (80) and lowest total abun-
dance (39,178) occurred along the 18.3-m isobath
(Table 4). Flatfishes, continuing the trend begun in
12.2 m, were the group most common among the top
ten ICI species; six of the ten were flatfishes. Overall,
midwater fishes declined in both abundance and fre-
quency of occurrence.

Citharichthys stigmaeus, ranked first on the ICI, oc-
curred in 64.1% of all trawls, though its percent abun-
dance (7.2%) was nowhere near that of Genvonemus
lineatus. G. lineatus was the most abundant species,
constituting 43.4% of all fishes taken, though its fre-
quency of occurrence dropped from what it had been at
the 12.2-m stations (33.2% vs 51.6% of all trawls).
Paralichthys californicus, though not as abundant as
six other species, ranked third on the ICI because of its
high frequency of occurrence (54.3%). Seriphus
politus, second in total abundance (19.4%), was
nonetheless far less abundant or frequently taken along
this isobath than in shallower waters. A number of
species (5. lucioceps; hornyhead turbot, Pleuronich-
thys verticalis; spotted turbot, P. ritteri; fantail sole,
Xystreurys liolepis; and California tonguefish,
Symphurus atricauda) that were uncommon in 6.1 m
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TABLE 2
Composition of Trawl Catches in 6.1 m, off Three Areas in the Southern California Bight, 1982-84
Percent Percent
frequency frequency
Percent of Percent of

Species Numbers number occurrence ICI Species Numbers number occurrence ICI
Seriphus politus 48,610 46.49 66.5 2.0 Heterodontus francisci 10 0.01 1.5 90.5
Genyonemus lineatus 11,528 11.02 52.3 5.0 Rhacochilus toxotes 11 0.01 1.2 91.5
Engraulis mordax 30,702 29.36 343 7.0 Scianidae juveniles (unident.) 400 0.38 0.1 91.5
Hyperprosopon argenteum 2,257 2.16 39.5 8.0 Squatina californica 11 0.01 1.1 94.0
Paralichthys californicus 949 0.91 41.0 9.0 Anisotremus davidsonii 12 0.01 0.7 95.5
Amphistichus argenteus 768 0.73 323 15.0 Mustelus henlei 9 0.01 1.4 95.5
Phanerodon furcatus 867 0.83 249 15.0 Hypsurus carvi 9 0.0t 0.9 101.5
Citharichthys stigmaeus 657 0.63 27.2 17.0 Leptocottus armatus 8 0.0t 1.1 103.0
Anchoa compressa 2,084 1.99 12.3 19.0 Pleuronichthys coenosus 8 0.01 1.1 103.0
Menticirrhus undulatus 497 0.48 239 22.0 Symphurus atricauda 7 0.01 1.1 104.5
Peprilus simillimus 810 0.77 9.7 23.0 Atherinops affinis 9 0.01 0.6 105.0
Umbrina roncador 516 0.49 14.6 23.0 Scomber japonicus 9 0.01 0.6 105.0
Syngnathus leptorhvnchus 394 0.38 18.9 26.0 Paralabrax maculatofasciatus 9 0.01 0.4 110.5
Cymatogaster aggregata 537 0.51 9.6 27.0 Sebastes auriculatus 4 <0.01 0.6 115.0
Pleuronichthys ritteri 213 0.20 14.5 315 Squalus acanthias 4  <0.01 0.6 115.0
Platyrhinoidis triseriata 158 0.15 14.5 32.5 Oxyjulis californica 9 0.01 0.3 116.5
Sphyraena argentea 343 0.33 9.4 34.5 Gibbonsia elegans 5 <0.01 0.4 117.5
Synodus lucioceps 255 0.24 8.8 38.0 Stereolepis gigas 5 <0.01 0.4 117.5
Rhinobatos productus 139 0.13 9.4 38.5 Chromis punctipinnis 4 <0.01 0.4 120.5
Paralabrax nebulifer 113 0.11 9.3 43.0 Scorpaena guttata 4  <0.0l 0.4 120.5
Heterostichus rostratus 123 0.12 7.1 45.5 Mustelus californicus 3 <0.01 0.4 123.5
Urolophus halleri 106 0.10 7.5 47.0 Porichthys myriaster 3 <0.0t 0.4 123.5
Embiotoca jacksoni 90 0.09 7.1 50.5 Halichoeres semicinctus 2 <0.01 0.3 134.0
Etrumeus teres 425 0.41 2.2 52.0 Parophrys vetulus 2 <0.01 0.3 134.0
Cheilotrema saturnum 107 0.10 4.4 54.0 Raja binoculata 2 <0.01 0.3 134.0
Roncador stearnsii 135 0.13 3.4 55.0 Scorpaenichthys marmoratus 2 <0.01 0.3 134.0
Cynoscion nobilis 57 0.05 5.6 56.0 Chilara taylori 2 <0.01 0.1 144.5
Syngnathus californiensis 72 0.07 5.0 57.0 Citharichthys sordidus 2 <0.01 0.1 144.5
Xystreurvs liolepis 45 0.04 5.6 57.0 Porichthys notatus 2 <0.01 0.1 144.5
Myliobatis californica 40 0.04 5.6 58.0 Amphistichus koelzi 1 <0.01 0.1 154.0
Sardinops sagax 104 0.10 3.1 61.0 Glvptocephalus zachirus I <0.01 0.1 154.0
Otophidium scrippsi 62 0.06 39 61.5 Gobiesox rhessodon 1 <0.01 0.1 154.0
Hysopsetta guttulata 34 0.03 4.2 65.0 Gymnura marmorata 1 <0.01 0.1 154.0
Atherinopsis californiensis 35 0.03 3.9 65.5 Hypsoblennius gentilis I <0.01 0.1 154.0
Paralabrax clathratus 31 0.03 3.0 71.0 Hypsoblennius gilberti 1 <0.01 0.1 154.0
Xenistius californiensis 22 0.02 2.6 73.5 Icelinus quadriseriatus 1 <0.01 0.1 154.0
Trachurus symmetricus 22 0.02 23 74.5 Leuresthes tenuis 1 <0.01 0.1 154.0
Rhacochilus vacca 17 0.02 2.0 79.0 Platichthys stellatus 1 <0.01 0.1 154.0
Micrometrus minimus 19 0.02 1.8 79.5 Raja inornata 1 <0.01 0.1 154.0
Brachyistius frenatus 15 0.01 1.8 82.0 Sebastes rastrelliger 1 <0.01 0.1 154.0
Pleuronichthys verticalis 15 0.01 1.7 83.5 Sebastes serranoides 1 <0.01 0.1 154.0
Triakis semifasciata 12 0.01 1.5 87.0 Nothing retrieved 5.36

Total 104,564

and 12.2 m were more abundant and more frequently
encountered in 18.3 m.

Rank correlation tests between assemblages indicate
a high degree of similarity between adjacent depths
(6.1 vs 12.1, 12.1 vs 18.3 m), but little similarity be-
tween 6.1 and 18.3 m (Table 5). The tau coefficient
showed close to zero relationship between the 6.1 and
18.3-m depths. Between 6.1 and 18.3 m, only five spe-
cies were held in common among the top ten in ICI (C.
stigmaeus, G. lineatus, P. californicus, S. politus, and
E. mordax). Of these, only G. lineatus, P. califor-

nicus, and S. politus were found in the top five at both
depths. As Table 6 indicates, there is not a significant
relationship in the assemblages by depth. In general,
there was a shift with depth from actively swimming,
schooling species to benthic, solitary forms. Associ-
ated with this decline in schooling species was a
decrease in the number of fish taken.

Kendall's coefficient of concordance was computed
to determine whether the top ten species were the same
for each of the years. It is obvious from Table 6 that the
fish assemblages were similar to each other over the
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TABLE 3
Composition of Trawl Catches in 12.1 m, off Three Areas in the Southern California Bight, 1982-84
Percent Percent
frequency frequency
Percent of Percent of
Species Numbers number occurrence ICI Species Numbers number occurrence ICI
Citharichthys stigmaeus 1,727 3.2 57.4 5.0 Heterodontus francisci 11 <0.1 1.4 94.0
Genyonemus lineatus 15,255 28.5 51.6 5.0 Cynoscion nobilis 9 <0.1 1.1 97.5
Seriphus politus 25,900 48.3 44.5 5.0 Citharichthys sordidus 10 <0.1 0.8 103.0
Paralichthys californicus 960 1.8 57.1 8.0 Sebastes auriculatus 7 <0.1 0.9 103.0
Phanerodon furcatus 1,428 2.7 29.7 11.0 Mustelus henlei 6 <0.1 0.9 106.0
Engraulis mordax 2,703 5.0 21.4 12.0 Sebastes miniatus 6 <0.1 0.9 106.0
Pleuronichthys ritteri 409 0.8 31.2 14.0 Stereolepis gigas 6 <0.1 0.9 106.0
Hyperprosopon argenteum 574 1.1 223 15.0 Porichthys myriaster 7 <0.1 0.8 106.5
Synodus lucioceps 855 1.6 19.9 17.0 Etrumeus teres 31 0.1 0.3 112.0
Xystreurys liolepis 290 0.5 22.2 20.0 Roncador stearnsii 5 <01 0.8 113.0
Heterostichus rostratus 303 0.6 16.9 24.0 Raja inornata 6 <0.1 0.6 114.0
Paralabrax nebulifer 281 0.5 19.1 24.0 Parophrys vetulus 8 <0.1 0.5 115.5
Pleuronichthys verticalis 201 0.4 18.8 27.0 Atherinopsis californiensis 5 <0.1 0.6 117.5
Peprilus simillimus 306 0.6 8.9 29.0 Paralabrax maculatofasciatus 5 <0.1 0.6 117.5
Plathyrhinoidis triseriata 150 0.3 16.3 31.0 Sciaenidae juveniles (unident.) 39 0.1 0.2 119.0
Cymatogaster aggregata 240 0.4 9.0 31.5 Gymnura marmorata 4  <0.1 0.6 121.5
Syngnathus leptorhynchus 109 0.2 10.8 34.5 Sardinops sagax 4 <0.1 0.6 121.5
Rhinobatos productus 97 0.2 10.8 36.5 Squatina californica 4  <0.1 0.6 121.5
Menticirrhus undulatus 103 0.2 9.0 37.5 Scorpaenichthys marmoratus 4  <0.1 0.5 127.5
Embiotoca jacksoni 90 0.2 7.0 445 Semicossyphus pulchrum 4 <0.1 0.5 127.5
Amphistichus argenteus 77 0.1 7.8 46.0 Atherinops affinis 3 <0.1 0.5 133.0
Hyvpsopsetta guttulata 63 0.1 8.7 49.0 Hyperprosopon anale 3 <0.1 0.5 133.0
Symphurus atricauda 85 0.2 6.0 49.0 Leptocottus armatus 3 <01 0.5 133.0
Halichoeres semicinctus 85 0.2 5.5 50.5 Chromis punctipinnis 3 <0.1 0.3 139.5
Scorpaena guttata 71 0.1 7.0 50.5 Pleuronichthys decurrens 3 <0.1 0.3 139.5
Anchoa compressa 165 0.3 3.0 53.5 Citharichthys xanthostigma 2 <0.1 0.3 145.5
Otophidium scrippsi 74 0.1 5.4 54.5 Sebastes rastrelliger 2 <0.1 0.3 145.5
Paralabrax clathratus 73 0.1 5.4 55.5 Trachurus symmetricus 2 <0.1 0.3 145.5
Pleuronichthys coenosus 48 0.1 6.0 58.5 Triakis semifasciata 2 <0.1 0.3 145.5
Xenistius californiensis 123 0.2 2.7 58.5 Sebastes paucispinis 3 <0.1 0.2 150.5
Mpyliobatis californica 45 0.1 6.3 59.0 Chilara taylori 2 <01 0.2 156.5
Syngnathus californiensis 50 0.1 4.3 61.5 Hypsoblennius gilberti 2 <0.1 0.2 156.5
Cheilotrema saturnum 56 0.1 3.2 65.0 Caulolatilus princeps 1 <0.1 0.2 165.0
Rhacochilus vacca 45 0.1 4.1 66.0 Clupea harengus pallasii 1 <0.1 0.2 165.0
Sphyraena argentea 50 0.1 3.2 66.5 Gibbonsia metzi 1 <0.1 0.2 165.0
Rhacochilus toxotes 34 0.1 3.8 72.0 Girella nigricans 1 <0.1 0.2 165.0
Raja binoculata 26 <0.1 33 76.0 Medialuna californiensis 1 <0.1 0.2 165.0
Hypsurus caryi 30 0.1 3.2 77.0 Neoclinus uninotatus 1 <0.1 0.2 165.0
Oxyjulis californica 45 0.1 2.2 78.0 Odontopyxis trispinosa I <0.1 0.2 165.0
Umbrina roncador 35 0.1 2.7 79.5 Squalus acanthias I <01 0.2 165.0
Urolophus halleri 21 <0.1 3.0 82.5 Stellerina xyosterna 1 <0.1 0.2 165.0
Brachyistius frenatus 36 0.1 I.1 85.5 Torpedo californica 1 <0.1 0.2 165.0
Porichthys notatus 23 <0.1 2.2 87.0 Zalembius rosaceus 1 <0.1 0.2 165.0
Gibbonsia elegans 17 <0.1 2.2 89.0 Nothing retrieved 2.8
Anisotremus davidsonii 14 <0.1 1.7 92.0

Total 53,594

three years. Similarly, it was found that the three areas
(Ormond, Redondo, and San Onofre) were significant-
ly similar in their fish assemblages (Table 6).

Description of Species Assemblages
by and between Areas

Ormond area. Seriphus politus and Genyonemus
lineatus were the dominant species in trawls along the
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three isobaths: Seriphus first in 6.1 m, Genyonemus in
12.2 and 18.3 m, (Table 7). Both species remained
abundant throughout the depth ranges, Genyonemus
increasing with depth, Seriphus decreasing. Engraulis
mordax, Paralichthys californicus, and Citharichthys
stigmaeus were important species at all depths. There
was a gradual displacement of shallow-water species
(such as Amphistichus argenteus and Hyperprosopon
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TABLE 4
Composition of Trawl Catches in 18.3 m, off Three Areas in the Southern California Bight, 1982-84
Percent Percent
frequency frequency
Percent of Percent of
Species Numbers number occurrence ICl Species Numbers number occurrence ICI
Citharichthys stigmaeus 2,830 7.2 64.1 5.0 Heterodontus francisci 10 <0.1 1.3 84.5
Genyonemus lineatus 17,022 43.4 332 8.0 Sebastes auriculatus 8 <0.1 1.1 88.0
Paralichthys californicus 729 1.9 54.3 9.0 Zalembius rosaceus 13 <0.1 0.8 90.0
Seriphus politus 7,598 19.4 27.5 10.0 Hypsurus caryi 7 <0.1 0.9 92.0
Synodus lucioceps 1,555 4.0 35.8 10.0 Amphistichus argenteus 8 <0.1 0.8 93.0
Pleuronichthys verticalis 651 1.7 44.6 11.0 Brachyistius frenatus 27 0.1 0.3 94.0
Pleuronichthys ritteri 1,088 2.8 35.3 12.0 Rhacochilus vacca 6 <0.1 0.8 96.5
Xystreurys liolepis 624 1.6 39.2 13.0 Raja inornata 5 <0.1 0.8 98.0
Engraulis mordax 4,096 10.5 16.1 14.0 Mustelus henlei 5 <0.1 0.6 102.0
Svmphurus atricauda 415 1.1 21.0 19.0 Anchoa compressa 7 <0.1 0.5 103.0
Pleuronichthys coenosus 383 1.0 18.5 21.0 Chitonotus pugetensis 4 <0.1 0.6 105.0
Phanerodon furcatus 287 0.7 13.6 24.0 Squatina californica 4 <0.1 0.6 105.0
Otophidium scrippsi 212 0.5 8.5 30.0 Torpedo californica 4  <0.1 0.6 105.0
Svngnathus leptorhynchus 110 0.3 10.4 30.0 Etrumeus teres 4 <0.1 0.5 109.0
Paralabrax nebulifer 106 0.3 10.6 31.5 Caulolatilus princeps 3 <0.1 0.5 112.0
Scorpaena guttata 107 0.3 8.7 33.0 Semicossyphus pulchrum 14 <0.1 0.2 114.0
Citharichthys xanthostigma 112 0.3 5.5 34.0 Cheilotrema saturnum 2 <0.1 0.3 122.0
Peprilus simillimus 158 0.4 5.1 36.5 Cynoscion nobilis 2 <0.1 0.3 122.0
Hypsopsetta guttulata 62 0.2 9.3 37.0 Embiotoca jacksoni 2 <0.1 0.3 122.0
Cymatogaster aggregata 106 0.3 5.1 41.0 Neoclinus uninotatus 2 <0.1 0.3 122.0
Platyrhinoidis triseriata 55 0.1 7.6 41.0 Platichthys stellatus 2 <0.1 0.3 122.0
Heterostichus rostratus 48 0.1 5.4 45.0 Xenistius californiensis 2 <0.1 0.3 122.0
Citharichthys sordidus 72 0.2 33 50.0 Sebastes dallit 3 <0.1 0.2 130.0
Hippoglossina stomata 43 0.1 4.9 52.0 Zaniolepis latipinnis 2 <0.1 0.2 134.5
Porichthys notatus 69 0.2 3.0 52.5 Chromis punctipinnis 1 <0.1 0.2 145.5
Raja binoculata 35 0.1 5.2 53.0 Coryphopterus nicholsii 1 <0.1 0.2 145.5
Hyperprosopon argenteum 45 0.1 4.1 54.0 Glyptocephalus zachirus 1 <0.1 0.2 145.5
Pleuronichthys decurrens 46 0.1 3.6 55.0 Gobiesox rhessodon I <01 0.2 145.5
Myliobatis californica 40 0.1 4.4 56.0 Halichoeres semicinctus 1 <0.1 0.2 145.5
Porichthys myriaster 41 0.1 4.0 57.5 Hydrolagus colliei 1 <0.1 0.2 145.5
Rhinobatos productus 32 0.1 4.3 59.0 Lepidogobius lepidus 1 <0.1 0.2 145.5
Paralabrax clathratus 41 0.1 2.2 64.5 Leptocottus armatus 1 <0.1 0.2 145.5
Urolophus halleri 25 0.1 3.0 66.5 Mustelus californicus 1 <0.1 0.2 145.5
Rhacochilus toxotes 21 0.1 2.5 70.0 Odontopyxis trispinosa 1 <0.1 0.2 145.5
Menticirrhus undulatus 22 0.1 1.9 72.0 Paralabrax maculatofasciatus 1 <0.1 0.2 145.5
Parophrys vetulus 17 <0.1 24 72.5 Scorpaenichthys marmoratus I <0.1 0.2 145.5
Syngnathus californiensis 17 <0.1 1.6 75.5 Sphyraena argentea 1 <0.1 0.2 145.5
Sardinops sagax 54 0.1 0.5 78.5 Squalus acanthias 1 <0.1 0.2 145.5
Icelinus quadriseriatus 14 <0.1 1.1 83.0 Stereolepis gigas 1 <0.1 0.2 145.5
Sebastes miniatus 13 <0.1 1.3 83.0 Nothing retrieved 0.0
Chilara taylori 16 <0.1 0.9 83.5

Total 3,978

argenteum) by Synodus lucioceps, Pleuronichthys
verticalis, and Symphurus atricauda.

Redondo area. As in the Ormond survey, S. politus
and G. lineatus were the highest ranked species in 6.1
m (Table 8). Paralichthys californicus, H. argenteum,
and E. mordax were also important. Engraulis, though
second most abundant, was very patchy in its distribu-
tion. Most of the fish we report here were caught in a
few trawls that captured thousands of individuals.

In contrast to the Ormond area, S. politus and G.
lineatus, though important species in 6.1 m, were not

dominant through all depths (Table 8). In 12.2 m, C.
stigmaeus joined G. lineatus as the highest ranked on
the ICI, though Seriphus, ranked fourth, was still most
abundant. Flatfish dominated 18.3 m, with six species
among the top ten. C. stigmaeus was again ranked
first, though Pleuronichthys ritteri was taken with
greater frequency (86.2%). In fact at Redondo in 18.3
m, P. ritteri was taken with the greatest frequency of
any species at any area in our study. Paralichthys
californicus, Pleuronichthys coenosus, and S. lucio-
ceps were also important species. Seriphus and Genyo-
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TABLE 5
Comparisons of Species Rankings
{Using the Index of Community importance)
between Depths, All Areas and Years Combined

TABLE 7
Composition of Ormond Area Trawl Catches
(Top Ten Species, Based on Index of
Community Importance), 1982-84

Kendall’s
Depth vs Depth tau P
6.1 12.2 0.372 0.002%
6.1 18.3 0.069 0.604
12.2 18.3 0.421 0.0002*

*Significantat P < 0.5

nemus were near or at the bottom of the top ten species.
Seriphus, while still second in abundance, was infre-
quently (10.5) encountered.

San Onofre area. As at Ormond and Redondo,
Seriphus and Genyonemus ranked first and second
among species captured in 6.1 m (Table 9). Engraulis
mordax ranked third; second in abundance (behind
Seriphus); and was taken more consistently (40% of
the trawls) than at the more northern stations. Califor-
nia corbina, Menticirrhus undulatus; deepbody
anchovy, Anchoa compressa; and yellowfin croaker,
Umbrina roncador (all ranked in the top ten at San
Onofre) were absent from this list at Ormond and
Redondo.

Citharichthys stigmaeus and G. lineatus tied for first
ranking in 12.2 m (Table 9), though Seriphus was by
far the most abundant. However, its frequency of oc-
currence declined markedly from 74.5% in 6.1 m to
39.8% in 12.2 m. Paralichthys californicus, as at
every isobath and area, was an important constituent,
and was taken in over half of the trawls (53.0%). As in
12.2 m, C. stigmaeus was ranked first in 18.3 m, fol-
lowed by Synodus lucioceps and G. lineatus.
Genyonemus was most abundant, though taken only
about 28% of the time. As at Redondo, flatfishes (such
as P. verticalis, Xystruerys liolepis, and P. califor-
nicus) were the most commonly taken group.

Compared to fish assemblages in 6.1 m, those of
12.2 m were somewhat more heterogenous. While
Seriphus and Genyonemus continued to be dominant
(both numerically and in occurrence) off Ormond, they
were not as important off San Onofre and Redondo.
They remained the most abundant, but were no longer

TABLE 6
Comparisons of the Top Ten Species (Index of
Community Importance) between Locations, Years, and
Depths, Using Kendall’s Coefficient of Concordance

W K N X DF P R

Location .66 3 13 238 12 .022 .49
Year .68 3 13 246 12 .025 .52
Depth .50 3 15 21.1 14 100 .25
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Percent
frequency
Percent of

Species Number number occurrence ICI

6.1-m isobath

1. Seriphus politus 10,088  44.2 73.6 2.0
2. Genyonemus lineatus 4,871  21.3 62.0 5.0
3. Engraulis mordax 4,883 21.4 34.6 7.0
4. Hyperprosopon 866 3.8 54.3 7.0
argenteum
S. Amphistichus argenteus 498 2.1 48.6 9.0
6. Paralichthys 125 0.5 27.4 14.0
californicus
7. Phanerodon furcatus 224 0.9 26.0 14.0
8. Citharichthys stigmaeus 122 0.5 25.4 17.0
9. Peprilus simillimus 304 1.3 13.4 19.0
10. Syngnathus 92 0.4 19.2 20.0
leptorhynchus

12.2-m isobath

1. Genyonemus lineatus 9,597  42.0 71.3 2.0
2. Seriphus politus 9471 415 66.5 4.0
3. Citharichthys stigmaeus 419 1.8 50.4 7.0
4. Engraulis mordax 1,075 4.7 33.4 10.0
S. Hyperprosopon 351 1.5 37.8 11.0
argenteum
6. Phanerodon furcatus 374 1.6 35.4 11.0
7. Paralichthys californicus 161 0.7 43.6 13.0
8. Synodus lucioceps 236 1.0 18.4 18.0
9. Peprilus simillimus 269 1.1 17.9 18.5
10. Pleuronichthysverticalis 91 0.4 24.7 19.0
18.3-m isobath
I. Genyonemus lineatus 13,374  57.9 59.7 2.0
2. Seriphus politus 5,780 25.0 553 4.0
3. Citharichthys stigmaeus 940 4.0 47.5 8.0
4. Engraulis mordax 804 34 36.8 11.0
5. Paralichthys 209 0.9 53.3 11.0
californicus
6. Pleuronichthys 248 1.0 51.9 11.0
verticalis
7. Symphurus atricauda 354 1.5 41.7 12.0
8. Synodus lucioceps 356 1.5 27.7 13.0
9. Otophidium scrippsi 174 0.7 22.8 19.0
10. Phanerodon furcatus 125 0.5 19.4 22.0

the most frequently encountered species (these were
Citharichthys sordidus, P. californicus, and also P.
ritteri off Redondo).

In 18.3 m, densely aggregating, midwater fishes
continued to decrease in abundance at Redondo and
San Onofre. Off Redondo, C. stigmaeus was most
abundant, and P. rirteri was third, close behind
Seriphus politus (which was captured only 10.5% of
the time). Off San Onofre, G. lineatus was taken in
highest numbers, though captured in only 28.3% of the
trawls. Five species (C. stigmaeus, S. lucioceps, P.
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TABLE 8
Composition of Redondo Area Trawl Catches
(Top Ten Species, Based on Index of
Community Importance), 1982-84

TABLE 9
Composition of San Onofre Area Trawl Catches
(Top Ten Species, Based on Index of
Community Importance), 1982-84

Percent
frequency
Percent of

Species Number number occurrence ICI

Percent
frequency
Percent of

Species Number number occurrence ICI

6.1-m isobath

1. Seriphus politus 17,393 459 51.4 3.0
2. Genyonemus lineatus 1,668 4.4 43.3 6.0
3. Paralichthys 620 1.6 55.7 6.0
californicus
4. Hyperprosopon 995 2.6 35.7 9.5
argenteum

5. Engraulis mordax 13,834 36.5 28.0 10.0
6. Citharichthys stigmaeus 429 1.1 35.7 11.5
7. Phanerodon furcatus 341 0.9 29.0 16.0
8. Pleuronichthys ritteri 195 0.5 37.6 16.0
9. Sphyraena argentea 240 0.6 13.8 215
10. Paralabrax nebulifer 82 0.2 19.5 25.0
12.2-m isobath

1. Citharichthys stigmaeus 814 6.4 61.4 6.1
2. Genyonemus lineatus 1,613 12.7 36.6 6.0
3. Paralichthys californicus 550 4.3 74.2 7.0
4. Seriphus politus 5,724 453 27.6 9.0
5. Pleuronichthys ritteri 306 2.4 62.3 10.0
6. Phanerodon furcatus 669 5.3 23.3 13.0
7. Heterostichus rostratus 242 1.9 35.2 14.0
8. Xystreurys liolepis 174 1.3 33.3 16.5
9. Svnodus lucioceps 492 3.8 20.9 17.0
10. Paralabrax nebulifer 174 1.3 30.4 17.5
18.3-m isobath

1. Citharichthys stigmaeus 1,141 14.8 71.4 4.0
2. Pleuronichthys ritteri 1,032 13.4 86.1 5.0
3. Paralichthys californicus 356 4.6 66.1 10.0
4. Pleuronichthys coenosus 377 4.9 52.8 10.0
5. Synodus lucioceps 439 5.7 32.8 11.5
6. Xystreurys liolepis 286 3.7 50.4 13.0
7. Pleuronichthys verticalis 176 2.2 32.8 16.5
8. Seriphus politus 1,125  14.6 10.4 18.0
9. Scorpaena guttata 105 1.3 25.2 19.0
10. Genyonemus lineatus 265 34 12.3 21.5

verticalis, X. liolepis, and P. californicus) were taken
more frequently. Genyonemus and Seriphus were still
the major species off Ormond, constituting 82.9% of
all fishes taken. Genyonemus was captured more often
in 18.3 m (57.9%) than along the shallower isobaths;
Seriphus (25.0%) dropped in occurrence. Paralichthys
californicus, as at every isobath and area, was among
the top ten species. It did not contribute large numbers,
but was usually taken in at least 50% of the trawls.

Abundance

Off San Onofre and Redondo (discounting varia-
bility in fish sizes and seasonal abundances), fishes
were most abundant in 6.1 m, declining sharply in 12.2
and 18.3 m (Figure 2). In contrast, fish abundances

6.1-m isobath

1. Seriphus politus 21,129 48.0 74.5 2.0
2. Genyonemus lineatus 4,989 11.3 51.8 5.0
3. Engraulis mordax 11,985 27.2 40.2 6.0
4. Menticirrhus undulatus 362 0.8 41.2 10.0
5. Anchoa compressa 2,070 4.7 31.9 1.0
6. Hyperprosopon 396 0.9 29.1 14.0
argenteum
7. Paralichthys 204 0.4 39.8 17.0
californicus
8. Amphistichus argenteus 183 0.4 32.8 19.0
9. Syngnathus 272 0.6 25.0 19.0
leprorhynchus
10. Umbrina roncador 299 0.6 24.5 19.0
12.2-m isobath
1. Citharichthys stigmaeus 494 2.7 60.1 5.0
2. Genyonemus lineatus 4,045  22.2 47.2 5.0
3. Seriphus politus 10,705 58.9 39.8 5.0
4. Paralichthys 249 1.3 53.2 8.0
californicus
5. Phanerodon furcatus 385 2.1 30.5 10.0
6. Engraulis mordax 972 53 19.9 13.0
1. Paralabrax nebulifer 103 0.5 24.5 15.0
8. Synodus lucioceps 127 0.6 20.3 17.0
9. Pleuronichthys ritteri 78 0.4 22.6 19.0
10. Xystreurys liolepis 81 0.4 21.2 19.0
18.3-m isobath
1. Citharichthys stigmaeus 749 8.9 72.6 5.0
2. Svnodus lucioceps 760 9.0 46.2 6.5
3. Genvonemus lineatus 3,383  40.2 28.2 7.0
4. Pleuronichthys verticalis 227 2.7 49.0 9.0
5. Xystreurys liolepis 246 29 46.2 9.5
6. Paralichthys californicus 164 1.9 43.5 13.0
7. Seriphus politus 693 8.3 17.5 13.0
8. Engraulis mordax 1,624 19.3 8.7 16.0
9. Citharichthys 111 1.3 15.7 18.0
Xxanthostigma
10. Symphurus atricauda 52 0.6 18.0 18.0

were constant through the three isobaths off Ormond.
As discussed previously, Seriphus and Genyonemus
lineatus were the dominant species in 6.1 m throughout
the bight, accounting for an overwhelming percentage
of the total catch. Off San Onofre and Redondo, these
species declined in importance with depth, and no
other species replaced them in numbers. Off Ormond,
croakers remained abundant at all three isobaths. How-
ever, there was a shift with depth in the relative number
of Seriphus and Genyonemus. Seriphus was most
common in 6.1 m, and Genyonemus in 18.3 m.
Discounting seasonal variability, abundance along
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Figure 2. Abundance of fishes taken by trawl at the Ormond, Redondo, and
San Onofre areas, along three isobaths—all years combined.

these isobaths varied with year and area (Figure 3).
With a few exceptions, there was little consistency in
these patterns. In all years, catches were highest in
12.2 and 18.3 m off Ormond. In these two depths,
catches off Redondo and San Onoftre tended to be simi-
lar. Overall, catches were lowest in 1984, with the ex-
ception of 6.1 m off San Onofre, where there was a
strong recruitment of S. politus, E. mordax, and G.
lineatus.

The cross-nested analysis of variance (Tables 10-13)
represent the main effects—Ilocation or area (San Ono-
fre, Redondo, Ormond), year (1982-84), and season
(nonwinter, winter)—nested within year, and the
amount of interactions between these effects. Interac-
tions tend to be significant where patterns are not con-
sistent at every level, i.e., where trends are not parallel
(e.g., Figure 4, Table 10, S. politus, young-of-the-
year, 12.2 m). Inconsistencies such as these sometimes
suppress the interpretation of main effects, whereas
nonsignificant interactions (e.g., Figure 4, Table 10,
S. politus, young-of-the-year, 6.1 m) help interpret the
main effects. We also performed the Duncan multiple
range test (Steel and Torrie 1980) to gain better insight
of the ANOVA; this test is presented in the Appendix.

Table 10 (S. politus, young-of-the-year, 6.1 m) indi-
cates that all main effects are significant. At each loca-
tion, S. politus young-of-the-year showed similarity in
mean abundance within season. Generally, fewer fish
inhabited these waters in winter; the fish were signifi-
cantly most abundant off San Onofre (Figure 4;
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Figure 3. Yearly abundances of fishes taken by trawl, along three isobaths, all
areas combined.

Appendix). By contrast, a less coherent pattern was
evident with significant interactions in 12.2-and 18.3-
m depths. There were some seasonal similarities for
both depths, particularly off Ormond and Redondo
(Figure 4; Appendix). This reverse of the 6. 1-m pattern
implies that young-of-the-year S. politus may seek the
deeper isobath during winter off Ormond and
Redondo. However, this was not seen for San Onofre,
perhaps because of the relatively few fish taken off this
location.

Seriphus politus of 1+ yrs exhibited a pattern simi-
lar to younger fish in 6.1 m; in most cases, winter lows
(Figure 4; Table 10) were significantly greater in 1982
and 1984 (Appendix). Mean abundances off San
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Figure 4. Catch per trawl of young-of-the-year and 1+ yr Seriphus politus at three areas and three depths during winter (December and February) and nonwinter
(April, June, August, October) 1982-84. Squares = San Onofre, circles = Redondo, triangles = Ormond.
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TABLE 10
Cross-Nested ANOVA of Seriphus politus (Young-of-the-Year and 1+ Yr) Log Abundance,
Southern California Bight, 1982-84

1+ yr YOY
Sum of Mean Sum of Mean

Source DF squares square F value DF squares square F value
6.1-m depth
Location 2 37.33 6.12 * 2 38.76 5.78 **
Year 2 6.68 1.09 2 22.55 3.36 **
Season(year) 3 99.41 10.86 H#k* 3 72.98 7.26 FFxE
Location*year 4 10.58 0.87 4 24.88 1.86 NS
Location*season(year) 6 23.60 1.29 NS 6 25.34 1.26 NS
Model 17 209.50 12.32 4,04 wExE 17 204.90 12.05 3.59 wwxx
Error 616 1880.26 3.05 — 616 2065.28 3.35 —
12.2-m depth
Location 2 102.85 2 123.31 33.82 wxxx
Year 2 31.73 2 12.24 3.36 **
Season(year) 3 39.42 3 68.47 12.52 #%*x*
Location*year 4 44.34 4 49.72 6.82 Fxxk
Location*season(year) 6 83.45 6 77.56 7.09 dxkk
Model 17 403.15 23.72 17 339.59 19.98 10.96 ****
Error 614 1678.00 2.73 614 1119.20 1.82 —
18.3-m depth
Location 2 198.79 2 169.52 80.60 ****
Year 2 27.30 2 7.81 371 **
Season(year) 3 43,88 3 37.32 11,83 ##**
Location*year 4 2.26 4 15.24 3.62 **
Location*season(year) 6 18.11 6 33.96 5.38 sk
Model 17 299.28 17.60 17 239.33 14.08 13.39 ##xx
Error 614 798.84 1.30 — 614 645.72 1.05 —
*rxk P <0001

*k P <05

NS P> .05

Onofre and Ormond were quite similar, whereas
Redondo was significantly lower. For 12.2 and 18.3 m,
interactions were significant, and not too many pat-
terns emerged (Table 10). But among years, average
abundance was significantly lower for 1984 and, in
18.3 m, Ormond was considerably higher (Figure 4,
Appendix).

Young-of-the-year G. lineatus exhibited a pattern
similar to §. politus in 6.1 m. Again there were winter
lows and nonwinter peaks, and young fish were higher
in mean abundance off San Onofre (Table 11; Figure 5;
Appendix). Young-of-the-year mean abundance de-
creased in 12.2 and 18.3 m, except off Ormond, where
it was significantly higher than in the other two areas.
There was no single seasonal pattern in 12.2 m, and too
few fish were taken at San Onofre and Redondo in 18.3
m. However, as with S. politus, G. lineatus young-of-
the-year had higher mean abundance in 6.1 m.

There was relatively little similarity in abundance of
1+ yr G. lineatus between areas over time (Figure 5).
Redondo did not exhibit cycles similar to the other
areas, and—as can be noted from the ANOVA (Table
11)—the interaction was significant. Mean abundance
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is significantly greater for Ormond and generally lower
in winter (Appendix). For 12.2 m, the only pattern ap-
parent is that Ormond has significantly higher mean
abundance (Appendix). In 18.3 m, mean abundance
patterns were generally similar over time, since there
were no interactions (Table 11). The multiple range
test yielded significance in mean abundance for winter
1983 and for Ormond. The most striking finding for G.
lineatus, 1+ yr, is that Ormond was the highest in
mean abundance at all depths and generally at all
locations.

Young-of-the-year E. mordax exhibited similar pat-
terns off Ormond and Redondo, generally having win-
ter lows (Figure 6). The ANOVA showed interactions,
and the multiple range test revealed that San Onofre
was higher in mean abundance and that abundances in
1982 were significantly lower (Table 12, Appendix).
In general, E. mordax increased in abundance in 1983.

For the remaining species, the ANOVA showed
that, although there were interactions, the main effects
were interpretable (Table 13). The strongest pattern
was that for both young-of-the-year and 1+ yr fishes
there were consistently lower mean abundances for the
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Figure 5. Catch per trawl of young-of-the-year and 1+ yr Genyonemus lineatus at three areas and three depths during winter (December and February) and nonwinter
(April, June, August, October) 1982-84. Squares = San Onofre, circles = Redondo, triangles = Ormond.
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TABLE 11
Cross-Nested ANOVA of Genyonemus lineatus (Young-of-the-Year and 1+ Yr) Log Abundance,
Southern California Bight, 1982-84

1+ yr YOY
Sumof Mean Sum of Mean
Source DF squares square F value DF squares square F value
6.1-m depth
Location 2 76.75 23.50 FExx 2 13.94 5.13 **
Year 2 11.03 3.38 2 7.53 2.77 NS
Season(year) 3 64.09 13.08 3 61.72 1513 *#x®
Location*year 4 2.00 0.31 4 8.73 1.60 NS
Location*season(year) 6 49.80 5.08 * 6 8.48 1.04 NS
Model 17 275.79 16.22 9.94 xxxx 17 113.89 6.70 4.93 wkkx
Error 616 1005.79 1.63 — 616 837.70 1.36 —
12.2-m depth
Location 2 207.83 49.36 wx* 2 56.61 21.51 ¥k
Year 2 49.50 11,75 soeiex 2 3.57 1.36 NS
Season(year) 3 15.72 2.49 3 30.49 7.72 wEEE
Location*year 4 35.54 4.22 ** 4 7.49 1.42 NS
Location*season(year) 6 87.37 6.92 6 24.65 3.12 **
Model 17 560.42 32.97 15.66 H#¥* 17 139.41 8.20 6.23 xxxxE
Error 614 1292.75 2.105 — 614 808.11 1.32 —
18.3-m depth
Location 2 387.54 88.00 #x* 2 219.00 134,88 ##*x*
Year 2 50.63 11.50 sk 2 2.20 1.36 NS
Season(year) 3 35.14 5.32 =% 3 5.76 2.36 NS
Location*year 4 4.75 0.54 4 1.97 0.61 NS
Location*season(year) 6 22.25 1.68 6 12.06 2.48 **
Model 17 571.07 33.59 15.26 17 242.39 14.26 17.56 ****
Error 614 1352.06 2.20 — 614 498.48 0.81 —
631 740.87

*hkk P <0001

** P < .05

NS P >.05

winter season throughout, and Redondo was generally
higher in mean abundance (Figure 7; Appendix).
Over the three years, recruitment patterns varied
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Figure 6. Catch per traw! of young-of-the-year Engraulis mordax at three areas
and three depths during winter (December and February) and nonwinter
(April, June, August, October) 1982-84. Squares = San Onofre, circles =
Redondo, triangles = Ormond.
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little throughout the bight (Figure 8). Recruits of nine
species were taken in sufficient quantity to assess re-
cruitment patterns with depth (Figure 9). Three
patterns emerged. Four species (S. politus, E. mordax,
Phanerodon furcatus, and Hyperprosopon argenteum)
recruited predominantly in 6.1 m. Four other species
(Citharichthys stigmaeus, Synodus lucioceps, Pleu-
ronichthys verticalis, Xystreurys liolepis) settled out

TABLE 12
Cross-Nested ANOVA of Engraulis mordax
Young-of-the-Year Log Abundance,
Southern California Bight, 1982-84

6.1-m depth Sumof  Mean

Source DF  squares square F value
Location 2 27.79 5.29 **
Year 2 38.91 7.40 **
Season(year) 3 6.50 0.82 NS
Location*year 4 9.17 0.87 NS
Location*season(year) 6 45.40 2.88 **
Model 17 137.61 8.09 3.08 sk
Error 616 1618.96  2.63

*¥**xP<.0001; **P<.05; NS P>.05
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Figure 7. Catch per trawi of young-of-the-year and 1+ yr fishes (except for Engraulis mordax, Genyonemus lineatus, and Seriphus politus) at three areas and three
depths during winter (December and February) and nonwinter (April, June, August, October) 1982-84. Squares = San Onofre, circles = Redondo, triangles = Ormond.
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TABLE 13
Cross-Nested ANOVA of Young-of-the-Year and 1+ Yr (Except for E. mordax, G. lineatus, S. politus)
Log Abundance, Southern California Bight, 1982-84

1+ yr YOY
Sum of Mean Sum of Mean

Source DF squares square F value DF squares square F value
6.1-m depth
Location 2 0.12 0.06 NS 2 20.65 7.07 xxxx
Year 2 57.53 30.52 #*** 2 4.68 1.60 NS
Season(year) 3 87.62 30.99 ¥xxx 3 52.78 12.05 ****
Location*year 4 11.98 3.18 ** 4 44.79 7.67 FrEE
Location*season(year) 6 16.99 3.00 ** 6 31.67 3.62 ¥*
Model 17 187.49 11.03 11.70 #k** 17 163.29 9.60 6.58 F¥kx
Error 616 580.56 0.94 — 616 899.08 1.46 —
12.2-m depth
Location 2 25.27 17.65 *#** 2 29.44 15.23 #¥x*
Year 2 38.62 26.98 Frxk 2 41.17 21.30 x**
Season(year) 3 30.03 13.99 s 3 12.01 4.14 **
Location*year 4 3.90 1.36 NS 4 21.13 5.46 **
Location*season(year) 6 9.11 212 % 6 7.77 1.34 NS
Model 17 121.06 7.12 9.95 ¥¥xx 17 118.97 7.00 7.24 xHEE
Error 614 439.46 0.72 — 614 593.46 0.97 —
18.3-m depth
Location 2 31.88 23.99 wxxx 2 19.73 10.33 **x*
Year 2 30.85 2321 **¥x 2 33.19 17.38 **#%
Season(year) 3 46.74 23.44 xxxx 3 8.60 3.00 **
Location*year 4 7.88 296 * 4 17.71 4.64 **
Location*season(year) 6 1.82 0.46 NS 6 13.22 2.31 **
Model 17 131.76 7.75 11.66 **** 17 111.98 6.59 6.90 ¥*¥*
Error 614 408.02 0.66 — 614 586.11 0.95 —
kit P <0001

** P < .05

NS P> .05

GEOMETRIC MEAN ABUN. PER TRAWL
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Figure 8. Abundance by depth of recruits taken by trawl, areas and months
combined.
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primarily in 18.3 m. Genyonemus lineatus recruited
about equally to 6.1 and 12.2 m, declining somewhat
in 18.3.

Generally, the patterns exhibited in Figures 10 and
11 accurately reflect the underlying patterns at all three
areas. However, there are two exceptions—G.
lineatus and S. politus. Off San Onofre and Redondo,
most G. lineatus recruited to 6.1 and (occasionally)
12.2 m (Figure 10). Very few fish settled out in 18.3 m.
Recruitment patterns off Ormond were different: here
the deeper two stations were favored, with heaviest
concentrations in 12.2 m (1982) and 18.3 m (1983-84).
Few recruits were taken in 6.1 m in 1982-83. To a
certain extent, this phenomenon held true for S.
politus. At both San Onofre and Redondo, the bulk of
recruitment occurred in 6.1 m—generally followed by
steep declines in 12.2 and 18.3 m. Off Ormond, this
decline was more gradual. In fact, there was no decline
in abundance between 6.1 and 12.2 m in 1982 and very
little between all depths in 1984. ~

Additionally, as noted below, there appeared to be



LOVEET AL.: INSHORE SOFT SUBSTRATA FISHES IN SOUTHERN CALIFORNIA BIGHT

CalCOFI Rep., Vol. XXVII. 1986

20 | A-SERIPHUS POLITUS
B-ENGRAULIS MORDAX
C-GENYONEMUS LINEATUS
D-HYPERPROSOPON ARGENTEUM
E-PHANERODON FURCATUS

F - CITHARICHTHYS STIGMAEUS
G-PLEURONICHTHYS VERTICALIS
H-SYNODUS LUCIOCEPS

15 b I -XYSTREURYS LIOLEPIS

10 |-

05 -

GEOMETRIC MEAN ABUN. PER TRAWL

O>

G,H
00 = Gyl '\ D.E.I
6.1 12.2 18.3
DEPTH (m)

Figure 9. Recruitment depth of nine fish species taken by trawl in the Southern
California Bight.

variability between areas in recruitment strength and
season (based on Figure 11 only) for many of these
species.

Seriphus politus. There was some fluctuation in
month of peak recruitment between years. In 1982,
we captured almost all small §. politus in August
(Redondo) or October (San Onofre and Ormond). In
1983, peak catches were in August, whereas in 1984
June was highest off San Onofre and August at Re-
dondo and Ormond. Peak catches off Ormond tended
to be later than either Redondo (1982) or San Onofre
(1984), or coincided with them (1983). In no year did
catches peak off Ormond before the other two areas.

Genyonemus lineatus. Peak catches of small G.
lineatus occurred between April and August, depend-
ing on area and year. In two of three years (1983-84),
recruitment peaks were sequential from south to north,
beginning at San Onofre, continuing at Redondo, and
ending off Ormond. For 1983 and 1984, these peaks
occurred in April, June, and August. In 1982, highest
catches were again earliest off San Onofre, but both
Redondo and Ormond peaked the following month.
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Figure 10. Yearly recruitment depth of Genyonemus lineatus off three areas in
the Southern California Bight. Squares = San Onofre, circles = Redondo,
triangles = Ormond.

Citharichthys stigmaeus. Between 1982 and 1984,
most small C. stigmaeus were taken off Redondo.
Almost all recruitment occurred between June and
October. June was the peak month during 1982 and
1983, whereas August catches were highest in 1984.
We captured very few small fish in 1984,

Phanerodon furcatus. In all three years P. furcatus
recruited almost completely during June. Recruitment
levels were similar in 1982 and 1983 but were reduced
in 1984. No young P. furcatus were taken off Ormond
in 1984.

Hyperprosopon argenteum. As with P. furcatus, re-
cruitment of H. argenteum was restricted to a very few,
primarily spring, months. April and June were the only
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months in which the youngest fish were taken. As with
P. furcatus, recruitment was of similar levels in 1982
and 1983, but reduced in 1984. In that year we took
young H. argenteum off Ormond only.

Engraulis mordax. We took small E. mordax in all
seasons, though peaks varied with area and year. No
single pattern was evident; however, largest catches
were made between June and December.

Abundance of 1+ Year and Young-of-the-Year

Of the 12 species we examined, the majority of 1+
yr fishes declined in abundance over the three-year
period (based on Figure 12 alone) or at least between
1982 and 1983. Citharichthys stigmaeus, Phanerodon
furcatus, and Synodus lucioceps showed sequential de-
clines in abundances from 1982 to 1984 (Figure 12).
Genyonemus lineatus, Seriphus politus, and Svm-
phurus atricauda increased in abundance from 1982 to
1983 but declined beginning in mid-1983. The
abundance of 1+ yr Hvperprosopon argenteum
declined gradually from 1982 to 1984. Compared to
1982, 1+ yr Paralichthys californicus and Pleuro-
nichthys verticalis were less abundant in 1983 but
seemed to increase or remain constant in 1984. Pleuro-
nichthys ritteri and Sphvraena argentea increased in
abundance between 1982 and 1984, while 1+ yr
Engraulis mordax abundance was relatively stable.
The Engraulis population was not sampled effectively,
so this assessment may be inaccurate.

The widespread decline in 1 + yr fishes that began in
1983 was not so apparent in young-of-the-year in-
dividuals. Young-of-the-year of several species ex-
hibited stronger first-year classes in 1983, 1984, or
both. One species, G. lineatus, declined sequentially
from 1982 to 1984. Citharichthys stigmaeus declined
sharply between 1982 and 1983; 1984 levels were
similar to 1983. Hyperprosopon argenteum declined in
mid-1983 and remained low in 1984. The young-of-
the-year of the remainder of the 12 species either in-
creased in 1983 or 1984 or remained fairly constant.

DISCUSSION

Between 1982 and 1984, we sampled fishes living
on or over the inshore soft substrata of the Southern
California Bight. Our analysis indicates that the fish
assemblages form a dynamic system with considerable
seasonal, annual, and spatial heterogeneity.

The fish assemblages along the 6.1-m isobath are
quite similar throughout the bight, dominated by the
midwater schooling croakers, Seriphus politus and
Genyonemus lineatus. A number of other species, such
as Engraulis mordax, Hyperprosopon argenteum, and
Paralichthys californicus, were common in these
assemblages in all survey areas. With increasing
depth, bathymetric and geographic differences in spe-

cies composition occurred. Croakers decreased in im-
portance in 12.2 and 18.3 m off San Onofre and
Redondo; they were replaced by various flatfishes
(notably Citharichthys stigmaeus, Pleuronichthys
spp-, and Xvstreurys liolepis) and Synodus lucioceps.
However, these species do not form the large schools
characteristic of croakers; hence the total number of
fish along the deeper isobaths was low when compared
to 6.1 m. In contrast, croakers remained abundant off
the Ormond area down to at least 18.3. Seriphus politus
was abundant in 6.1 m, giving way to G. lineatus in
18.3 m. Here too, flatfishes increased their numbers
with depth, but they were overshadowed by
Genvonemus.

Not only were the 6.1-m assemblages similar at all
three areas, but many of the fishes also exhibited simi-
lar seasonal fluctuations. There were considerable
annual fish movements into and out of this isobath all
along the Southern California Bight. In 6.1 m, we took
very few fish per trawl (occasionally none) during
December and February. Catches increased in April
and generally peaked in summer and early fall. Most
species, both motile midwater and benthic forms, de-
clined in abundance or disappeared from our shal-
lowest stations. It is likely that fishes moved offshore,
though we are not sure into what depth. Catches of §.
politus and G. lineatus increased (at least off some
areas) during winter, indicating that these species had
moved into the 18.3-m isobaths.

It is not completely clear why fishes would leave the
shallows during winter. A plausible explanation is that
they are driven out as increasing water motion, caused
by winter storms, requires greater energy for keeping
stations or for finding and capturing prey. It is interest-
ing that zooplankton, the prey of some species (such as
S. politus) increases in inshore biomass in winter
(Barnett and Jahn, in press); thus diminished prey
availability may not fully explain the offshore
movement.

In tandem with the annual fluctuations in fish num-
bers along the coast was general movement of many
(though not all) species out of inshore waters during
1983 and 1984. It is likely that the El Nifo influx of
warm water, with attendant environmental perturba-
tions, was responsible. The El Nifio phenomenon
reached its peak in 1983-84: the maximum temperature
anomaly (with surface waters as much as 4°C above
normal) began in August 1983 and peaked in October
of the same year. Coincident was a decline in total zoo-
plankton abundance; this decline began in 1982 and in-
tensified in June 1983 (Peterson et al. 1986). However,
not all zooplankton declined. For instance, although
populations of the adult mysid Metamysidopsis
elongata decreased markedly in August 1983, a num-
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ber of other species did not (A. Barnett, pers. comm.).

It does not seem reasonable to point to any one factor
as decisive in this exodus. For instance, it is not clear
why a 4° rise in ambient temperature would cause so
many fish species to move away. Water 4° above
normal is not unusually warm for some of these species
and is similar to temperatures encountered in the more
southerly parts of their ranges. However, it is possible
that the rapid onset of peak temperatures prompted the
departure.

Similarly, decreases in food availability might ac-
count for some movement, but not all. The species we
examined represent a variety of predator types, includ-
ing midwater planktivores, substrate-oriented micro-
carnivores, and piscivores. It is unlikely that the prey
of all these species declined. Moreover, some fish
species, such as Pleuronichthvs ritteri, increased in
abundance. If food availability alone were responsible,
we would not expect to see any increases.

Regardless of the reason, it is undeniable that the
abundance of older juveniles and adults of many fish
species declined markedly during mid-1983. We do not
believe this decline was due to die-offs. The tempera-
tures experienced were well within physiological
limits, and no die-offs (such as occasionally occur in
embayments during dinoflagellate blooms) were
observed.

[t is more likely that fish moved to cooler conditions.
Some may have traveled northward along the coast.
From commercial fishery data, there is evidence that
adult Paralichthys moved north (R. Collins, pers.
comm.), because Paralichthys landings declined in
southern California and increased substantially in cen-
tral California.

Equally plausible is an offshore movement by some
species. If it occurred off San Onofre and Redondo, we
can be sure this movement continued into waters
deeper than 18.3 m, because we observed no abun-
dance increase in our deepest stations. We do not know
how deep the fishes moved. During this period, a simi-
lar offshore migration occurred in somewhat deeper
waters; E. DeMartini (pers. comm.) noted a bathy-
metric shift within the bight in populations of pink sea-
perch (Zalembius rosaceus) and Pacific sanddab
(Citharichthys sordidus). Both species generally in-
habit depths below those of our survey; that these spe-
cies also exhibited offshore movements indicates that
warming occurred to considerable depths.

Though the El Nino phenomenon drove many fishes
away from the immediate coast within the bight, not all
species departed. Species whose populations might
have been predicted to remain stable, based on geo-
graphic range (i.e., P. ritteri, Sphyraena argentea) re-
mained stable or increased in numbers. While in-

creases in P. ritteri were due to adult movements, in-
creases in S. argentea resulted from an unusually suc-
cessful recruitment of young fishes.

For the species we examined, there was considerable
variability among areas in recruitment season and
strength. For instance, C. stigmaeus recruited primari-
ly to the Redondo area; we captured few recruits off
San Onofre and Ormond. At the other extreme, virtu-
ally all Phanerodon furcatus recruited in June at all
three stations during 1982 and 1983.

For at least some species (notably G. lineatus), there
appears to be sequential recruitment from south to

‘north; fishes tend to settle out earliest at San Onofre,

followed by Redondo and Ormond. A similar pattern
may exist with the kelp bass, Paralabrax clathratus, a
southern California reef species (M. Carr, pers.
comm.).

There are several possible explanations for this
phenomenon. A species may delay spawning in the
northern part of the bight if conditions favorable to
larval recruitment occur later in the year. Some
northeast Pacific rockfishes have later spawning sea-
sons in the northern part of their range than in the south
(T. Echeverria, pers. comm.). Second, a species may
spawn synchronously throughout the bight, but vari-
ous factors may differentially affect the larvae. For
instance, cooler waters in the northern part of the bight
may extend the larval stage, leading to later recruit-
ment. Or perhaps conditions in the north are such that
only those larvae spawned late in the season survive.
Lastly, recruitment may derive from larvae generated
in the southern part of the bight (or even farther south).
As the larvae drift north, they leave the plankton later
and later. This implies that some species may not
spawn in the northern part of the bight (or if they do,
their offspring do not survive to recruitment). An
example is the moray eel, Gvmnothorax mordax,
which does not spawn in southern California even
though abundant there (McGleneghan 1973). Rather,
the population is replenished through larvae drifting
north from Baja California.
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Genyonemus lineatus

APPENDIX A
Duncan’s Multiple Range Test
Seriphus politus
1+ Yr YOY
Depth  Location Log mean Location Log mean
6.1m San Onofre 1.711 San Onofre  2.242
Ormond 1.595 Ormond 1.832
Redondo .964 Redondo 1.537
Year Year
1983 1.494 1984 2.149
1982 1.431 1983 1.885
1984 1.349 1982 1.600
Season-year Season-year
NW82 1.760 Nwg4 2.465
Nwg4 1.685 Nw8g3 1.994
NW83 1.583 NwW8§2 1.835
w83 1.304 w83 1.649
w82 773 w84 1.473
wg4 632 w82 1.132
Depth  Location Log mean Location Log mean
12.2m  Ormond 1.915 Ormond 1.648
San Onofre 1.295 Redondo .595
Redondo .642 San Onofre  .507
Year Year
1982 1.571 1983 1.021
1983 1.408 1982 933
1984 .846 1984 767
Season-year Season-year
w83 1.748 W83 1.638
NWS§2 1.745 wg4 [.198
NWS83 1.252 Nw§2 1.022
w82 1.223 w82 155
w84 1.208 NW83 742
Nwg4 675 Nwg4 .564
Depth  Location Log mean Location Log mean
18.3m Ormond 1.526 Ormond 1.254
San Onofre  .320 Redondo 234
Redondo 220 San Onofre  .097
Year Year
1983 .896 1983 632
1982 728 1982 .494
1984 410 1984 431
Season-year Season-year
w83 1.544 w83 1.151
NWS§2 .769 w84 .624
w82 .644 W82 619
NWS83 .599 NW8§2 432
W84 .556 Nw83 .394
Nw§g4 .340 NWg4 .340

1+ Yr YOY
Location Log mean Location Log mean
Ormond 1.625 San Onofre  .907
San Onofre  .708 Redondo 575
Redondo 543 Ormond 524
Year Year
1982 1.185 1984 .846
1984 .842 1983 .669
1983 .827 1982 .507
Season-year Season-year
NWwW82 1.464 NWS82 1.124
NWwg4 1.084 NWS83 .801
NWS83 953 NW84 718
NWwWS82 627 W83 385
W83 555 w4 251
W84 326 w82 .086
Location Log mean Location Log mean
Ormond 2.306 Ormond 1.144
San Onofre  1.224 Redondo 460
Redondo 514 San Onofre 454
Year Year
1982 1.700 1982 .833
1983 1.446 1983 751
1984 .857 1984 .449
Season-year Season-year
NWS§2 1.844 NWS82 1.002
W83 1.675 NW83 .905
W82 1.412 w84 .652
NWS83 1.341 W82 494
W4 .940 W83 416
NW§g4 .819 Nwg4 .353
Location Log mean Location Log mean
Ormond 2.226 Ormond 1.304
San Onofre 714 Redondo 053
Redondo 211 San Onofre .034
Year Year
1983 1.387 1983 .546
1982 1.095 1982 453
1984 627 1984 361
Season-year Season-year
w83 1.928 W83 782
NW82 1.205 w82 524
NWS83 1.140 NW83 .439
w82 .875 w84 431
w84 817 NW8g2 418
Nwg4 538 NW84 328

Means with the same bracket are not significantly different. Geometric mean = 2.7182*log mean — |
NW = nonwinter; W = winter
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APPENDIX A (continued)
Duncan’s Multiple Range Test

Remaining species Engraulis mordax
1+ Yr YOY YOY
Depth  Location Log mean Location Log mean Location Log mean
6.1m Redondo 1.893 San Onofre 1.710 San Onofre  1.110
San Onofre  1.838 Redondo 1.488 Redondo .800
Ormond 1.815 Ormond 1.259 Ormond 678
Year Year Year
1982 2.250 1982 1.603 1984 1.103
1983 1.757 1983 1.488 1983 1.020
1984 1.524 1984 1.370 1982 486
Season-vear Season-year Season-vear
NWS82 2.502 NW82 1.848 NWw84 1.177
NW8&3 1.928 NW83 1.653 NWS83 1.100
NW8g4 1.863 Nw8g4 1.552 w84 .945
W82 1.748 W83 1.133 W83 .847
W83 1.391 W82 1.114 NW82 537
w84 .800 w84 .980 W82 .383
Depth  Location Log mean Location Log mean
12.2m  Redondo 2.241 Redondo 1.686
Ormond 1.820 Ormond 1.194
San Onofre  1.685 San Onofre 1.111
Year Year
1982 2.244 1982 1.608
1983 1.846 1983 1.348
1984 1.637 1984 1.019
Season-year Season-year
NW82 2.410 NwW82 1.636
W82 1.910 W82 1.551
NWS83 1.910 NW83 1.460
NW84 1.827 NWwWg4 1.138
w83 1.704 w83 1.103
w84 1.233 W84 767
Depth  Location Log mean Location Log mean
18.3m  Redondo 2.384 Redondo 1.514
Ormond 2.052 San Onofre  1.252
San Onofre  1.791 Ormond 989
Year Year
1982 2.397 1982 1.494
1983 2.005 1983 1.327
1984 1.804 1984 926
Season-year Season-year
NWS82 2.636 NW82 1.545
NW383 2.165 NwWS83 1.449
NWwWg4 1.962 W82 1.393
W82 1.918 w83 1.062
W83 1.654 Nwsg4 1994
W84 1.470 w84 .781

Means with the same bracket are not significantly different. Geometric mean = 2.7182*log mean — |
NW = nonwinter; W = winter
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EVALUATING INCIDENTAL CATCHES OF 0-AGE
PACIFIC HAKE TO FORECAST RECRUITMENT

KEVIN M. BAILEY, ROBERT C. FRANCIS

Northwest and Alaska Fisheries Center
7600 Sand Point Way NE
Seattle, Washington 98115

ABSTRACT

Incidental catches of 0-age Pacific hake (Merluccius
productus) in California Department of Fish and Game
trawl surveys for pelagic fishes were evaluated for use
in estimating relative year-class strength. Indices of
catch per unit of effort and frequency of occurrence of
0-age hake in surveys from 1965 to 1981 were com-
pared with recruitment at age 3 as determined by cohort
analysis. Five strong year classes appeared in the
cohort analysis from 1965-81, and these same year
classes also were strongest in the pelagic survey
catches. We conclude that the surveys are useful for
qualitative determination of relative year-class success
or failure. Suggestions are made for improving the sur-
veys with respect to hake.

RESUMEN

Capturas incidentales de la merluza del Pécifico de
edad cero, en las prospecciones de peces peldgicos del
departamento de Fish and Game de California fueron
evaluadas, para estimar la dominancia relativa de
clases anuales de merluza. Indices de captura por uni-
dad de esfuerzo y frecuencia de ocurrencia de merluza
a la edad cero en las prospecciones de 1965-81 fueron
comparadas con los reclutamientos a la edad de tres
anos, determinada por anilisis de cohorte. En el
andlisis de cohorte se observaron cinco generaciones
dominantes, las cuales fueron también abundantes en
la prospeccion de peces pelagicos. Concluimos que las
prospecciones son Utiles para la determinacion cualita-
tiva del éxito o fracaso relativo de las clases anuales de
edad. Se proponen varias sugerencias para mejorar las
prospecciones de merluza.

INTRODUCTION

Surveys for young fish can be usetul in forecasting
year-class strength (Rauck and Zijlstra 1978; Smith
1981; Burd 1985). Such forecasts can benefit manage-
ment of fisheries that are heavily dependent on recruit-
ing new fish. Furthermore, surveys for juvenile fish
can reveal at what stage relative abundance levels are
established, which is information that augments stud-
ies on the causes of variations in recruitment.

[Manuscript received January 28, 1986.]
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Juvenile Pacific hake (Merluccius productus) are
caught as an incidental species during pelagic trawl
surveys conducted by the California Department of
Fish and Game. In this report, we evaluate these
catches for use in forecasting year-class strength.

Pacific hake is the dominant groundfish species in
the California Current region of the Pacific west coast.
There has been a large foreign fishery on hake since
1966, with annual catches up to 240,000 tons. In recent
years a joint-venture domestic fishery has developed.
Recruitment to the fishery, which occurs at 3 years
of age, is quite variable and possibly influenced by
abiotic conditions during early life stages (Bailey
1981). Hake spawn primarily from January through
March off the southern and central coast of California.
Juveniles generally are distributed from the spawning
grounds into southern Oregon. Juvenile hake are the
third most frequently occurring fish in pelagic trawl
surveys of the California Department of Fish and Game
(Mais 1974).

METHODS

The pelagic fish surveys of the California Depart-
ment of Fish and Game have employed standardized
methodology since 1965; in this study we used data
from the 1965-84 surveys. A detailed description of
survey methodology is. presented in Mais (1974). In
general, hydroacoustic surveys were conducted during
the daytime along predetermined tracklines. At night,
the trackline was retraced, and a midwater trawl with a
50- or 60-foot-square mouth opening was deployed,
usually for 20 minutes in the upper 15 fathoms of the
water column unless the echo sounder indicated that
fish were deeper. The mesh size of the cod end was 0.5
inches. Some surveys consisted entirely of trawling at
predetermined stations without the use of sonar. The
surveys generally extended seaward to the 1,000-
fathom depth contour or a minimum of 35 miles off-
shore.

The number of cruises and tows and the seasons
covered are listed in Table 1. In the case of hake, the
number of fish caught in the trawl were counted, or
estimated if the catch was extremely large; length
ranges and sometimes length frequencies were re-
corded. The length range of 0-age juvenile hake in each
season was estimated as: April-May, 10-80 mm; June-
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Figure 1. Length ranges of G-age hake
in individua! hauls by month. The
shaded areas represent the length
ranges selected for each time inter-
val to determine abundance indices.
The length range of 1-year-old hake
in April is shown at the extreme right,
although these fish were not used in
abundance estimates.
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TABLE 1
California Fish and Game Midwater Trawl Surveys
Used in This Study

A S

N D J F M A

MONTH

Yearclass Number of cruises  Seasons' Number of tons
1965 3 sp,a 96
1966 5 sp, su, a 102
1967 4 sp,a, w 133
1968 4 sp, a 178
1969 5 sp, su, a, w 225
1970 4 sp,a, w 158
1971 3 sp,a 92
1972 3 sp,a, w 91
1973 2 sp, a 72
1974 4 sp,a, w 129
1975 3 sp, a 86
1976 8 sp,a, w 337
1977 6 sp, a, w 229
1978 1 w 60
1979 3 sp,a, w 283
1980 3 a,w 337
1981 4 sp, a, w 506
1982 3 su,a, w 339
1983 2 a 234
1984 1 a 128

'sp = spring; su = summer; a = autumn; w = winter
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July, 25-120 mm; August-October, 35-150 mm; No-
vember-December, 65-180 mm; and January-March,
80-200 mm (Figure 1).

A standardized survey subarea of 30°-35°N was cho-
sen because it was consistently occupied during most
surveys. With the exception of numerous catches in
Monterey Bay, this appears to be the main area
inhabited by 0-age hake (Figure 2).

Catches of 0-age hake were combined for all surveys
from April until March of the next year. Percent occur-
rence was calculated as the percent of all hauls that re-
corded catches of 0-age hake. Catch per unit of effort
(CPUE) for annual estimates of relative 0-age juvenile
abundance was calculated as:

n
CPUE = 2 In [(number fish/hours trawled) + 1]/n

tows = |

where n is the number of tows. Recruitment was esti-
mated by the number of 3-year-old hake derived by co-
hort analysis (Francis 1985).
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Figure 2. Locations of catches of 0-age hake in midwater trawls of the California
Department of Fish and Game used in this study, 1965-84.

RESULTS AND DISCUSSION

The California Fish and Game trawl surveys for
pelagic fish resources were not targeting on juvenile
hake, but their incidental catches of 0-age hake appear
to be useful in forecasting year-class strength of this
species. Figure 3 demonstrates the relationship be-
tween catches of 0-age hake in the surveys and year-
class strength as determined by cohort analysis. During
the interval from 1965 to 1981, five large year classes
of hake appeared in the population (1967, 1970, 1973,
1977, and 1980). These five year classes were also the
most abundant as 0-age juveniles monitored by the
surveys.

The surveys apparently are not accurate in ordering
the rank of strong year classes when compared with re-
sults of the cohort analysis. For example, 0-age hake
were more abundant in the 1973 surveys than in the
1970 surveys, but the cohort analysis indicated that the
1970 year class was stronger than the 1973 year class.
Predicting strong year classes is important, but in a
management context it is equally important to recog-
nize year-class failure; in this analysis all weak year
classes were accurately indicated by the surveys.

Since the cohort analysis extends only to the 1981
year class, we can use the O-age catches in the surveys
to forecast the relative recruitment strengths of the
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""D" 0 M ﬂ o n M M- — . Figure 3. Catch per unit effort (CPUE;
< 65 70 75 80 85 top) and percent occurrence (mid-

YEAR CLASS

dle) of 0-age hake in midwater trawl
surveys compared with year-class
strength determined by cohort anal-
ysis (bottom).
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1982-84 year classes. The juvenile surveys indicate
that the 1982-83 year classes will be weak. The 1984
year class may be moderately strong. However, both
the 1983 and 1984 surveys may have underestimated
the abundance of juvenile hake, because spawning ap-
parently shifted northward during these warm-water
years. In fact, there are anecdotal reports of a strong
1984 year class.

From these results it is apparent that the relative re-
cruitment strength of hake year classes is established
within the first year of life. Furthermore, the 1967,
1970, 1973, and 1977 year classes were detectable
as strong year classes in surveys from April to June in
those years. This indicates that relative year-class
strength may be established within the first three to five
months after spawning (there was no spring survey in
1980). The early establishment of year-class strength
may be more apparent for hake than for other species
because of the boom-or-bust nature of recruitment
to the hake population; survival is either very good
Or poor.

Because of the close relationship of recruitment suc-
cess to stock abundance, we consider such surveys to
be a valuable and inexpensive asset to stock manage-
ment. Evaluation and assessment of the hake resource
for management of the U.S. fishery is currently based
on stock projections that take into account estimates of
recruitment up to three years into the future based on
the results of the 0-age surveys (Francis 1985). At this
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stage, the surveys can only be considered rough rela-
tive indices of year-class strength, and the precision of
the indices cannot be addressed. To improve the as-
sessment of prerecruit abundance of hake, preliminary
studies on vertical and geographic distribution and
behavior of juveniles are required. These factors may
affect catchability and the utility of survey CPUE as a
relative index. Further improvement of hake assess-
ment would result from extending the northern bound-
ary of the survey area, and implementing a more
statistically rigorous survey design.
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ABSTRACT

Past estimates of Peruvian hake biomass calculated
by the swept-area method have left some doubts about
the size of the stock. With the available monthly catch
statistics from 1971 onwards, quarterly age-length
keys, and estimates of natural mortality, we applied a
cohort analysis that shows much lower biomass
estimates than those obtained by the swept-area
method. This cohort analysis indicates that spawning
stock biomass has been in serious decline since espe-
cially heavy exploitation in 1978. Peruvian hake stocks
are expected to recover after the 1982-83 El Niio be-
cause of light exploitation and possibly good recruit-
ment. A yearly catch of about 100,000 metric tons is
proposed; this is much lower than previous estimates of
sustainable yield. A yield-per-recruit analysis supports
this contention.

RESUMEN

Las estimaciones de biomasa de la merluza peruana
obtenidas en los ultimos anos mediante el método de
area barrida han dado resultados dudosos con respecto
a la dimension del stock. En base a la estadistica dis-
ponible de la pesca mensual desde 1971 en adelante y
las claves tamano-edad, ademds de los estimados de
mortalidad natural, se aplicé el andlisis de cohortes que
mostrd una biomasa mucho menor que aquella
obtenida por el método de area barrida. Este analisis de
cohortes muestra que la biomasa del stock desovante
ha declinado peligrosamente desde la excesiva ex-
plotacion del ano 1978. Se espera que el stock de la
merluza peruana se restablezca después de El Nino
1982-83, debido a la escasa explotacidon y posible-
mente al buen reclutamiento. Se propone una pesca
anual de 100.000 tons que es mucho menor que las
estimaciones anteriores del rendimiento sostenible.
Ademas un andlisis de rendimiento por recluta corro-
bora esta suposicion.

INTRODUCTION
The Peruvian hake (Merluccius gayi peruanus) is
distributed over the continental shelf and farther

[Manuscript received November 5, 1985, ]
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offshore to more than 500-m depth. As the most
abundant demersal species in the Peruvian coastal
ecosystem, hake is important both commercially and
ecologically. Furthermore, the dynamics and life
history of the Peruvian hake may have parallels with
the Pacific hake (Merluccius productus).

The Peruvian hake grows slightly faster and attains a
larger size than the Pacific hake. The Peruvian hake
spawns in the austral winter-spring months of August
to October over the continental shelf. Fish are recruited
to the fishery at age 2 and mature at about age 3 (35
cm). Juveniles are pelagic. However, in contrast to the
Pacific hake, adults are demersal and are fished with
bottom trawls, whereas Pacific hake are fished mostly
with midwater trawls (Bailey et al. 1982).

Before 1972, Peruvian hake was harvested mainly
by the coastal demersal fleet off Paita in northern Peru
(about 5°S), and catches fluctuated around 20,000
metric tons (MT) annually. In 1973 an intensive fishery
by foreign high-seas fleets began (Table 1). Catches of
hake reached their highest levels (303,000 MT) in
1978, when the stock apparently changed its habitat
from demersal to semipelagic and became accessible to
the national purse seine fisheries as well.

In past years, various estimates of Peruvian hake
biomass have been made from bottom trawl surveys
but have left doubts about the results.

To obtain a better estimate, we applied cohort

TABLE 1
Catches of Peruvian Hake

Paita (N. Peru) Total Peru

Coastal fleet Including high-seas fleet

(Metric tons) (Metric tons)
1971 24,000 26,000
1972 7.695 12,580
1973 36,386 132.856
1974 20,862 109,318
1975 14,307 84,898
1976 10,230 92.872
1977 5,833 106,799
1978 10,645 303.495
1979 8,163 92,954
1980 8,165 159.376
1981 14,581 64.026
1982 - 33,000%*

*Preliminary data
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analysis (Pope 1972) using catch data from the 12 years
between 1971 and 1982.

METHODS

The equations used to calculate stock in number (N)
and fishing mortality rate (F) were the following (Pope
1972):

N; = (C;+N; 4 16’M/2) eM'? (D
Fi=In( ) - M 2)
i+1
where C = catch in number, and

where M = natural mortality rate.

The number of the oldest year class was calculated
as:

Nt = Cr
F/(F/M)

Natural mortality (M) was estimated using the
equation from Pauly (1980):

LogioM = —0.0066—0.279 Log,y L.+0.6543
LOg |0K+04634 LOg 10 T

where L. is the asymptotic length (total length, in
cm),
K is a growth constant of the von Berta-
_lanffy growth equation; and
T is the annual mean temperature (°C) of the
water in which the stock lives.

Applying this formula and using the growth param-
eters from Misu and Hamasaki (1971), we gotM = 0.2
for females and M = 0.4 for males. Using the former
estimates, we obtained biomass values for males two
times higher than for females.

Because these figures seemed to be unrealistic, and
because equal natural mortality for both sexes (at least
in the younger age-groups) should be assumed, we
used the mean value of M = 0.3. This value led to
more balanced abundances in age-group II, although
some differences remained (Table 2). A value of M =
0.3 is similar to values used for other hake stocks
around the world (Francis 1983; Terré 1984).

We determined ages by reading otoliths collected
from the Paita area. It should be mentioned, however,
that for the first years of the study relatively few
otoliths existed. Therefore, we established quarterly
age-length keys for each year of investigation, taking
them as representative of the age distribution of the
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monthly catch. We also assumed that the high-seas
fleet catch had the same age composition as the Paita
fleet catches; this assumption appears to be acceptable
based on existing length frequencies of the high-seas
fleet catches. The annual catch by age for the two sexes
is demonstrated in Figure 1. N and F matrices were
calculated separately for each sex because of their
different growths and terminal lengths.

Preliminary runs indicated a fishing mortality rate of
1.0 for females of age-group V and VI. From this we
chose a provisional termidal F of 0.5 and 1.0 for
females and males, respectively, supposing that the
older age-groups suffer less fishery mortality
(Beverton and Holt 1957, p.81).

RESULTS (Table 2)

Biomass, Number of Spawning Stock, and Recruits

Until 1978, there is a continuous increment in bio-
mass; later it diminishes (Figure 2). The total biomass
fluctuates between a maximum of 630,500 MT in 1978
and a minimum of 130,000 in 1982; the latter is
possibly an underestimation due to the scarce landings
made in this El Nino year.

Observing the number of two-year-old recruits
(Table 3), we note very low values in the last three
years despite a certain underestimation of the 1982
value as explained above. The very good recruitment
of the 1974 year class was probably due to the more
favorable environmental conditions for hake following
the 1972 El Nino (Wosnitza-Mendo and Espino. The
impact of “El Nifio” on recruitment in the Peruvian
hake [Merluccius gayi peruanus). In review.)

Analysis of the Instantaneous Rate of Fishing
Mortality (F)

The mean F value for both males and females was
low in the first two years (Figure 3), when the stock
was being exploited only by the coastal fleet. From
1973 on, with the beginning of the heavy fishery, F for
males increased until 1978, at which time it reached
2.08. F diminished in 1979 (1.30) and reached its max-
imum values in 1980 (2.35) and 1981 (2.48). The latter
values are a result of a fishery on a depleted stock at
levels higher than sustainable equilibrium yields. In
the case of the females, F was maintained between
0.51-0.96 until 1979; in 1980 it reached its maximum
(2.14). The F’s in females are due, fundamentally, to
their higher longevity and presumably to the larger in-
dividuals concentrated in deeper water. Analysis of the
variation of F values in each year (Figures 4 and 5)
shows that in the first two years (1971-72) the main
fishing effort was on age-group V (males). Because of
the intensive fishery from 1973 on, and the depletion of
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TABLE 2
Cohort Analysis of Peruvian Hake

M = 0.3; F; = 0.5 (females) F; = 1.0 (males)

Stock in Number (10%)
Females 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982
I1 161.7 171.2 146.2 165.2 192.2 460.3 222.8 187.4 116.0 80.1 76.1% 78.1%*
[11 73.9 119.8 126.8 100.1 122.2 141.8 340.7 161.7 137.5 81.4 58.1 19.4
v 34.9 53.0 87.5 80.4 75.3 82.4 98.0 239.3 72.9 88.6 43.9 39.0
\Y 13.3 19.6 27.4 20.7 10.2 16.6 20.7 17.9 18.1 13.1 13.3 8.9
VI 10.2 7.8 7.2 3.8 3.9 2.4 4.4 7.5 6.3 5.2 1.2 1.3
vl 2.9 6.9 2.8 1.2 1.6 2.7 1.1 2.5 3.7 1.0 0.1 0.2
VIII —_ 1.6 4.5 0.8 0.4 1.0 2.0 0.5 1.5 1.4 — —
296.9 379.9 402.4 380.2 405.8 707.2 689.7 616.8 356.0 270.8 192.7 146.9
Males
11 244 .8 271.1 233.1 203.5 220.6 616.4 298.6 295.9 211.8 129.6 94.3*  119.9*
13 63.7 181.3 200.8 172.3 150.1 162.8 456.0 215.5 215.8 154.5 94.9 36.9
v 58.4 45.5 130.6 133.4 113.7 102.5 103.4 316.1 89.0 110.2 60.4 53.7
\% 7.8 31.2 11.5 19.2 25.5 14.0 4.4 4.2 3.5 23.7 1.8 1.4

374.7  529.1 576.0 5284 5099 895.7 862.4 831.7 520.1 418.0 2514 2039

Fishing Mortality Rates

Females
I 0.0003 — 0.0012 — 0.004 0.04 0.011 0.01 0.005 0.03 0.001*  0.02%
I 0.01 0.001 0.05 0.08 0.01 0.05 0.08 0.50 0.10 0.34 0.07 0.04
v 0.30 0.13 1.13 1.12 1.33 1.36 1.31 2.60 1.03 1.85 1.59 0.82
\Y 0.37 0.17 1.10 1.88 0.94 1.38 0.91 0.76 0.73 1.84 2.58 1.41
Vi 0.29 0.12 0.98 0.83 0.14 0.01 0.48 0.48 0.64 3.38 2.11 0.56
VIl 0.29 0.12 0.98 0.83 0.14 0.01 0.48 0.48 0.64 3.33 2.11 0.56
F(II-VID) 0.25 0.11 0.85 0.95 0.51 0.56 0.65 0.96 0.63 2.14 1.69 0.68
Males
11 — — 0.0003  0.001 0.006 — 0.008 0.007 0.002 0.001  0.002* 0.002*
11 0.01 — 0.04 0.05 0.12 0.03 0.12 0.54 0.34 0.55 0.30 0.18
v 0.68 0.21 1.86 1.42 1.67 2.03 2.62 4.45 2.56 4.77 4.38 1.21
\Y 1.40 0.28 0.68 1.26 0.42 0.94 1.16 1.24 0.99 1.73 2.77 1.00
F1I-V) 0.70 0.16 0.86 0.91 0.74 1.00 1.30 2.08 1.30 2.35 2.48 0.80
Biomass (10° MT)
Females
II 55.1 58.4 499 56.3 65.5 157.0 76.0 63.9 39.6 27.3 26.0* 26.6%*
111 30.1 48.8 51.7 44.1 49.8 57.8 138.8 65.9 56.0 34.4 23.7 7.9
v 19.8 30.1 49.6 45.6 42.7 46.7 55.6 135.7 41.3 50.2 24.9 19.4
v 11.3 16.6 23.2 17.5 8.6 14.1 17.5 15.2 15.3 11.1 11.3 6.7
VI 18.0 13.8 . 12.7 6.7 6.9 4.2 7.8 13.2 11.1 9.2 2.1 2.6
VII 6.9 16.5 6.7 2.9 38 6.5 2.6 6.0 8.9 2.4 0.2 0.5
VIII — 4.6 13.8 2.5 1.2 3.1 6.1 1.4 4.6 7.4 5.0 —
141.2 188.8 207.6 175.6 178.5 289.4 304.4 301.3 176.8 142.0 93.2 63.7
Males
11 70.3 77.9 67.0 58.5 63.4 177.1 85.8 85.0 60.9 37.2 27.1% 32.2%
111 24.1 68.5 76.0 65.2 56.8 61.6 172.5 81.5 81.6 58.4 35.9 11.4
v 27.7 21.6 62.0 63.2 54.0 48.7 49.1 150.2 42.3 52.4 28.7 22.0
\Y 4.6 18.4 6.8 11.3 15.0 8.2 2.6 2.5 2.1 14.0 1.1 0.7
126.7 186.5 211.8 198.2 189.2 295.6 310.0 319.2 186.9 162.0 92.8 66.3
*Preliminary data Continued on next page
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TABLE 2 (continued)
Cohort Analysis of Peruvian Hake

M = 0.3; F; = 0.5 (females) F; = 1.0 (males)

Biomass (10> MT) (continued)

Females + males 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982
I 125.4 136.3 116.9 114.8 128.9  334.1 161.8 148.9 100.5 64.5 53.1* 58.8%
111 54.2 117.4 127.7 109.3 106.6 119.4 3113 147.4 137.6 92.8 59.6 19.3
v 47.5 51.7 111.6 108.8 96.7 95.4 104.7  285.9 83.6 102.6 53.6 41.4
\% 15.9 35.0 30.0 28.8 23.0 223 20.1 17.7 17.4 25.1 12.4 7.4
VI 18.0 13.8 12.7 6.7 6.9 4.2 7.8 13.2 11.1 9.2 2.1 2.6
VII 6.9 16.5 6.7 2.9 3.8 6.5 2.6 6.0 8.9 2.4 0.2 0.5
VIII — 4.6 13.8 2.5 1.2 3.1 6.1 1.4 4.6 7.4 5.0 —
267.9 375.3 4194  373.8 367.7 5850 6144  620.5 363.7 304.0 186.0 130.0

*Preliminary data

older fish, the F values in age-group IV increased,
showing extremely high peaks in 1978, 1980, and
1981. However, mesh size regulations were increased
from 70 to 90 mm in 1980, and thus since 1981 F has in-
creased on older ages.

For the females, we note a uniform exploitation rate
on age-groups IV, V, VI, and VIl in the first three years
(Figure 5). Between 1974 and 1979, the exploitation
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rate is very high on age-groups IV and V, especially for
age-group IV in 1978. After 1980 the pattern changes
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Yield per Recruit
Results of the cohort analysis make it possible to
calculate the yield per recruit by taking the F value of
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Figure 4. Variation of fishing mortality rate (F) for males, 1971-82.
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TABLE 3
Number of Two-Year-Old Recruits
N D)
(Millions)
1971 406.5
1972 442.3
1973 379.3
1974 368.7
1975 412.8
1976 1,076.7
1977 521.4
1978 483.3
1979 337.8
1980 209.7
1981 170.4
1982 198.0
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Figure 5. Variation of fishing mortality rate (F) for females, 1971-82.
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Figure 6. Yield per recruit for females ( ). Biomass per recruit for females

the last year (1982) for each age-group as 100%. M is a
constant of 0.3. The calculations were made with a unit
of 1,000 recruits, leading to yield per recruit for differ-
ent values of F (Figures 6 and 7). In both sexes, we
observe that the actual (1982) F value is much higher
than the value needed to obtain the maximum yield.
The actual F value for males is 0.80 (age-groups
III-V), whereas the optimal F should be 0.48, which
would mean a 40% decrease in fishing effort. For fe-
males, the actual F is 0.68 (age-groups III-VII) and
should be 0:31 (55% lower).

Because fishing mortality is directly correlated with
fishing effort, this would indicate a considerable
decrease in fishing effort. But a direct reduction of ef-
fort would cause serious socioeconomic consequences;
we therefore recommend that the minimum mesh size
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be increased to at least 110 mm. A similar measure was
taken in the South African hake fishery in 1974
(Wysokinski 1976). Environmental conditions like El
Nifio may also act to preserve the stock. In 1982-83 the
stock was apparently unavailable to the fishery, be-
cause landings did not exceed 33,000 MT.

Exploitation Rate

Because we find very different distribution and
concentration of fish stocks off Peru during so-called
normal and abnormal years of El Nifno, existing pro-
duction models are not so useful for estimating the
equilibrium yield. Therefore, we have taken the
catches of “normal” years (1973-76 and 1979) from
Table 1 to calculate an average equilibrium yield of
103,300 MT and a biomass of 454,000 MT. This gives
us an equilibrium exploitation rate of “E” calculated as
C/B of about 0.25 with 95% confidence limits between
0.16 <“E” <0.36.

The variation of “E” (Figure 8, Table 4) shows low
values for the first two years and excessive exploitation
in 1978 and 1980. The high exploitation rate in 1978 is
a result of the purse seine fishery of the anchovy fleet
off Chimbote (9°S); in July and August this fleet con-
centrates in the spawning area. The high 1980 “E”
value reflects an effort too high in relation to the
already overfished stock.

"E" 016<"E"<0.36
05
04
0.3 - uEu
02— \/j
0.1 —
OO l T l | I ] I ] ] T I L]

71 73 75 77 79 81 YEARS

Figure 8. Variation of equilibrium exploitation rate “E” from 1971 to 1982.

DISCUSSION

The Peruvian hake stock between 1971 and 1982
showed marked variability in abundance from highs of
614,000 and 620,000 MT in 1977 and 1978 to lows of
less than 200,000 MT in recent years. Whereas the
high levels of stock biomass appear to be due to strong
recruitment, the decline in biomass seems to result
from overexploitation of the resource and relatively
poor recruitment. Recruitment dynamics of Peruvian
hake are quite marked, varying by some sixfold over a
12-year period. This pattern of great changes in recruit-
ment from year to year is also observed in the Pacific
hake (Francis 1983). Strong year classes are especially
important to the fishery, as exemplified by the 1974
year class, which constituted about 50% of the stock
biomass in 1977-78.

There are several sources of potential error in this
study. The cohort analysis may underestimate stock
biomass if the initial F values are too large. But we
believe that using monthly runs minimizes the error.
We have done some simulations and found that apply-
ing monthly runs and using, for example, F, = 1.0

TABLE 4
Biomass and Equilibrium Yield for
Peruvian Hake (in 1,000 Metric Tons)

Yield (C)
Biomass (from Table 1)
1973 419.4 132.9
1974 373.8 109.5
1975 367.7 84.9
1976 585.0 92.5
1977 614.4 106.8
1979 363.7 92.9
B = 454.0 C =103.25

“E" =C/B =0.23
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instead of 0.5 yields an underestimate of the biomass of
7.4% in the first year and less than 1% in the following
years. Applying annual runs yields an underestimate of
about 38.5% in the first year, and about 8% and 4% in
later years (Wosnitza-Mendo, in prep.)

A second source of underestimation of biomass
might be a smaller M than the real one (Terré 1984).
Apart from applying Pauly’s method, we used the
production model of Csirke and Caddy (1983) as
described in Espino and Wosnitza-Mendo (1984) in
order to determine M values that are independent from
growth parameters. Because in the first two years of
investigation (1971 and 1972) only the coastal fishery
and no open-sea fishery existed, we assumed that the Z
values for these years approached natural mortality
(M). M for these years was about 0.3, indicating that
our former estimate of M is realistic. Another source of
potential error would be a difference in age composi-
tion of the foreign high-seas catch and the coastal de-
mersal catches; however, from bottom trawl surveys,
we believe that little difference exists.

Our results indicate that the previous estimates of
hake abundance based on swept-area methods are very
likely too high. The last surveys resulted in estimates
of 1-2 million MT (except for “Humboldt” cruise 8103-
04 which resulted in an estimate of 600,000 to 800,000
MT using a catchability coefficient for the net of 0.75).
The former estimates did not determine confidence
limits, did not employ stratification for the area, and
used extremely low catchability coefficients of 0.25.
From these results it is apparent that FAO’s (1978)
proposed potential production of 200,000 to 250,000
MT of Peruvian hake cannot be attained. With the
expected recovery of the hake stock after the 1982-83
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El Nino, we recommend a yearly catch of 100,000 MT
assuming “normal” conditions. This could be slightly
raised later on and will unavoidably diminish during
other El Nifio events.
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RELATIVE ABUNDANCE OF FOUR SPECIES OF SEBASTES
OFF CALIFORNIA AND BAJA CALIFORNIA

JOHN S. MacGREGOR
National Marine Fisheries Service
Southwest Fisheries Center
P.O.Box 271
La Jolla, California 92038

ABSTRACT

Estimates of relative abundance of rockfish larvae
were made for the area from San Francisco to southern
Baja California. Over the 14 years studied, 30% of
spawning occurred in February, 18% in January, 17%
in March, and 12% in April. For the four identified
species of rockfish larvae, peak spawning occurred in
February (65%) for S. jordani; in January (45% and
40%, respectively) for S. levis and S. paucispinis; and
in April (32%) for §. macdonaldi.

Half of the S. jordani larvae were taken within 10
nautical miles of land. About half of the other three
species were taken within 20 nautical miles of land.
Sebastes larvae were most abundant off San Francisco
and Monterey and in the area of the Channel Islands off
southern California, with the former area accounting
for 53% of all larvae and the latter for 35%.

RESUMEN

Se estimé la abundancia relativa de larvas de
Sebastes en el area entre San Francisco y el Sur de Baja
California. Durante los 14 anos de estudio, un 30% del
desove ocurri6 en febrero, un 18% en enero, un 17%
en marzo, y un 12% en abril. Para las cuatro especies
de larvas de Sebastes identificadas, el desove maximo
se presento en febrero (65%) para S. jordani, en enero
(45% y 40%, respectivamente) para S. levis y S.
paucispinis, y en abril (32%) para S. macdonaldi.

La mitad del nimero de larvas de S. jordani fue
colectada dentro de las 10 millas nduticas desde la
costa. Alrededor de un 50% de las otras tres especies
fue colectado dentro de las 20 millas nduticas desde la
costa. Las larvas de Sebastes fueron mds abundantes
frente a San Francisco y Monterey (53% del total de
larvas), y en el 4rea de las “Channel Islands” al Sur de
California (35%).

INTRODUCTION

Hubbs et al. (1979) list 62 species of rockfish of the
genus Sebastes occurring in the coastal waters of
California. Some rockfishes are important to sport and
commercial fisheries; others are too infrequently taken

[Manuscript received February 11, 1986.]

or do not grow large enough to significantly contribute
to the fisheries.

Since 1950, CalCOFI members the National Marine
Fisheries Service (U.S. Department of Commerce), its
predecessor agency the Bureau of Commercial Fish-
eries, and Scripps Institution of Oceanography have
furnished vessels to obtain biological, physical, and
chemical samples over a pattern of stations off the
coasts of California and Baja California (see inside
back cover). The pattern was sampled monthly for the
ten years from 1950 through 1959 and has been
sampled intermittently since then.

Plankton are sampled at each station with a 1-m net.
The larval fish taken in each net tow are identified and
enumerated. In past years rockfish were identified to
genus only. More recently (1977) Moser et al.
described the larvae of 4 of the 62 species—S.
paucispinis (bocaccio), S. jordani (shortbelly rock-
fish), . levis (cow rockfish), and §. macdonaldi (Mex-
ican rockfish).

Ahlstrom (1959) obtained information on the tem-
perature and depth distribution of larval rockfish from
a series of 17 vertical distribution net tows at 12 depths
from 2 to 285 m. Sebastes larvae were taken at tem-
peratures between 9.0° and 17.2°C, with the larger
concentrations occurring at temperatures between
10.2° and 16.1°. Ahlstrom found that only nine rock-
fish larvae were taken below 100 meters (actually in
the 122-89-m haul). The depth distribution follows a
normal distribution (Figure 1), with a peak at about 40
m and a standard deviation of 21.6 m. However, dis-
tribution is probably determined to a considerable ex-
tent by the position of the thermocline. Ahlstrom also
decided that there was no significant difference
between the numbers of rockfish larvae taken in night
and day net hauls. (For some species of fishes more
larvae are taken in night hauls.)

This paper presents data based on the identification
and enumeration of the larvae of four species of
rockfish for 5 CalCOFI survey years and for all
Sebastes larvae for 14 years. Although it is not yet
possible to identify all sizes of larvae of most rockfish
species, the results of this study provide a background
for evaluating the potential use of larval surveys to
study distribution and abundance. The larval data were
provided by H. Geoffrey Moser, under whose direction
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Figure 1. Depth distribution of rockfish larvae.
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the four species of larval rockfishes were identified,
counted, and measured by Elaine Sandknop with the
assistance of Connie Fey and Susan D’ Vincent.

MATERIALS AND METHODS

Sebastes larvae taken at each CalCOFI station for
each survey cruise have been enumerated routinely
each year. For this study, larvae of S. paucispinis, S.
jordani, S. levis, and S. macdonaldi were identified,
counted, and measured for each monthly survey for the
years 1956, 1969, 1972, 1975; for S. jordani and S.
macdonaldi 1966 was also included.

Routine CalCOFI plankton sampling methods and
equipment have been described in detail by Ahlstrom
(1948, 1953). The amount of water strained by the
plankton net is measured so that the data may be con-
verted to the numbers of organisms under one square
meter of sea surface and therefore be comparable
between stations.

The area included in this survey extended from the
strip of ocean represented by CalCOFI line 60, just
north of San Francisco Bay, to the strip represented by
line 157, off the southern tip of Baja California (inside
back cover). Coverage of the area north of line 60 was
too spotty to be usable. The number of rockfish larvae
taken at each station was expanded to give an
abundance estimate for the area represented by that sta-
tion. These estimates were combined to estimate the
larval population present in the 40-nautical-mile-wide
strip of ocean represented by each CalCOFI line. In
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some months no cruise was made, or some lines were
omitted from the pattern. Estimates were calculated for
these omissions based on the average percentages of
larvae taken in those months or on those lines in the
other years when they were sampled; i.e., if X% of the
larvae were taken on a line or in a month when they
were sampled, 1 assume that X% were present at
similar times when they were not sampled. However,
these omitted lines or months were generally outside
the main spawning season and did not affect the
estimates significantly. The estimates obtained are for
the numbers of larvae in the area at the time of the
cruise. No data are available that would allow us to in-
terpolate between months in order to obtain more
representative estimates of annual spawning.

Although the stations on some lines were sampled
much farther to sea than on others, I believe that most
of the offshore distribution was sampled adequately.
Half of the S. paucispinis and S. macdonaldi larvae
were taken within 20 nautical miles of land, and half of
the S. jordani larvae within 10 nautical miles of land
(Table 1). S. paucispinis appears to have a somewhat
more offshore distribution than the other larvae, while
the distribution of S. jordani is more inshore. There
were too few data to determine the offshore distribu-
tion of S. levis, but it appears to be similar to the other
Sebastes larvae.

The numbers and percentages in the tables include
several degrees of magnitude. Digits are retained in the
larger numbers for purposes of alignment and do not
imply great accuracy of these numbers.

RESULTS AND DISCUSSION

Estimates of larval rockfish abundance in the area
represented by lines 60 through 137 (Table 2) range
from 38 X 10" in 1959 to 219 x 10'? in 1969 for the 14
years 1950-59, 1966, 1969, 1972, and 1975. The 14-
year average abundance is 135 X 10'? larvae.

Because rockfishes are live bearers whose larvae
develop within the ovaries and hatch at the time of
spawning, and because most of the larvae taken were
close to the hatching size, the occurrence of larvae
should delimit the spawning season fairly well. For the
14 years 18% of the spawning occurred in January,
30% in February, 17% in March, and 12% in April.

In any given year, if the spawning was low in one of
these four months, it tended to be low in the other three
months, and, if high, it tended to be high in the other
three months. Rank correlation of the amount of
spawning in January, February, and March yielded
correlation coefficients of 0.65 (January/February),
0.70 (January/March), and 0.78 (February/March).
The correlation coefficient for a probability of 0.01 is
0.66. Correlations with April were less significant.
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TABLE 1

Cumulative Percentage Distribution of Rockfish Larvae (Five-Year Average)
Relative to Distance from Nearest Land for Each of Three Species Compared to Percent
Distribution of All Species of Rockfish Larvae Less the Species Compared

Nautical miles Sebastes All other Sebastes All other Sebastes All other
from land paucispinis rockfish Jordani rockfish macdonaldi rockfish
0-10 29.3 63.7 56.9 65.6 439 46.5
0-20 50.4 76.6 68.2 76.7 56.5 65.6
0-30 56.9 85.4 93.3 83.1 69.7 85.0
0-40 74.4 90.1 97.0 88.5 81.2 89.2
0-50 85.8 95.2 99.1 94.2 83.3 92.9
0-100 97.6 98.5 99.9 98.2 100.0 96.4
0-150 99.1 99.2 100.0 99.2 98.1
0-200 100.0 99.8 99.7 100.0

0-250 100.0 100.0

Total rockfish larvae include only larvae occurring in the same areas as species with which compared; i.e., no §. paucispinis larvae were
taken south of line 113, no 8. jordani south of line 120, no S. macdonaldi north of line 83. Also S. paucispinis was not identified in the 1966
samples.

The high correlations among the first three months in-
dicate that the sampling program provided representa-
tive estimates of larval abundance, and that short-term
random changes in larval abundance do not mask

annual changes during the major spawning season.
Years of low abundance estimates probably indicate
low spawning effort and/or high early larval mortality,
whereas years of high abundance estimates indicate

TABLE 2
Estimated Rockfish Larvae (Billions) for 14 Years
Year
Month 1950 1951 1952 1953 1954 1955 1956 1957
Jan. 14,622 12,109 9,707 17,284 26,355 29,950 24,018 36,519
Feb. 16,118 18,715 35,049 47,529 55,980 50,871 63,875 72,650
Mar. 12,999 15,931 23,730 19,506 22,583 15,951 37,967 31,048
Apr. 16,716 25,438 14,820 8,401 16,943 16,578 9,886 30,031
May 4,593 11,414 71,575 4,496 9,447 5,810 5,763 13,457
June 4.445 9,367 9,285 4,576 7,453 5,404 4,264 8,232
July 2,969 2,580 4,652 3,467 4,858 10,993 4,295 4,591
Aug. 3,149 3,418 1,600 2,768 2,791 2,698 5,683 490
Sept. 1,433 904 1,119 2,141 1,316 987 0 701
Oct. 1,093 781 2,086 6,098 1,536 1,709 2,121 1,185
Nov. 1,109 2,462 1,801 1,486 2,110 5,192 1,376 2,083
Dec. 2,310 1,853 3,248 5,115 3,708 2,766 8,929 8,954
Totals 81,556 104,972 114,672 122,867 155,080 148,909 168,177 209,941
Year

Month 1958 1959 1966 1969 1972 1975 Mean Percent
Jan. 17,424 5,777 24,736 38,560 48,378 28,617 23,861 17.68
Feb. 21,297 8,863 27,401 77,687 30,567 46,245 40,918 30.32
Mar. 15,370 4,572 23,878 40,409 30,382 28,165 23,035 17.07
Apr. 7,235 6,569 20,845 25,792 16,617 16,573 16,603 12.30
May 9,583 4,226 8,812 9,156 12,110 5,129 7,969 5.90
June 4,161 2,274 8,003 7,578 5,484 5,469 6,143 4.55
July 3,765 2,205 6,075 6,363 4,886 3,252 4,639 3.44
Aug. 113 623 1,438 3,102 2,681 2,675 2,374 1.76
Sept. 477 554 2,196 2,809 1,966 1,961 1,326 0.98
Oct. 1,300 420 1,989 1,693 2,208 1,805 1,859 1.38
Nov. 376 542 474 3,755 2,620 3,241 2,045 1.51
Dec. 1,320 1,242 3,420 2,074 4,878 8,939 4,197 3.11
Totals 82,421 37,867 129,267 218,978 162,777 152,071 134,969 100.00

Estimates are for the area represented by CalCOFI lines 60 through 137 at the time the samples were taken.
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TABLE 3
Rockfish Larvae 14-Year Annual Averages
CalCOFI Number

line (billions) Percent
60 16,044 11.841
63 15,779 11.646
67 12,685 9.362
70 5,329 3.933
73 4,201 3.101
77 6,159 4.546
Total (60-77) 60,197 44.429
80 7,476 5.518
83 12,896 9.518
87 16,326 12.049
90 9,791 7.226
93 5,094 3.760
Total (80-93) 51,583 38.071
97 3,275 2.417
100 2,973 2.194
103 1,775 1.310
107 1,419 1.048
Total (97-107) 9,442 6.969
110 1,448 1.069
113 2,014 1.486
117 3,944 2.911
120 2,182 1.610
Total (110-120) 9,588 7.076
123 1,336 0.986
127 881 0.650
130 579 0.428
133 824 0.608
137 539 0.398
Total (123-137) 4,159 3.070
140 128 0.094
143 64 0.047
147 237 0.175
150 68 0.050
153 8 0.006
157 17 0.013
Total (140-157) 522 0.385
Total (60-157) 135,491 100.000

high spawning effort and/or low early mortality rather
than random fluctuations resulting from inadequate
sampling.

The 14-year average number of larvae by CalCOFI
line (Table 3) shows high abundance levels in the San
Francisco-Monterey area (lines 60-67). These lines
account for 33% of the larvae found in the main survey
area (30 lines, 60-157). Sparse data for the six lines
north of line 60 (lines 40-57) indicate a population
equal to about 75% of the population in the area
represented by the six lines 60-77, with about a third of
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Figure 2. Percent of total year's rockfish spawning occurring in January/
February and March/April for five areas as measured by larvae (14-year
average).

these larvae found on line 57. Along the exposed coast
south of Monterey (line 70) the larval abundance
decreases to Point Conception (line 80). In the Channel
Islands area (lines 83-90) larval abundance again in-
creases. These three lines account for 29% of the larvae
found in the main survey area. The number of larvae
continues to decrease southward to line 157 with one
smaller increase in the area around and north of Punta
Eugenia and Cedros Island (lines 113-120).

The spawning season appears to be later farther
south (Figure 2). April is the peak spawning month off
Mexico (lines 97-137). This area accounts for only
17%2% of the total average yearly production of
rockfish larvae, in contrast to 8212% for U.S. waters
(lines 60-93), which tends to mask this seasonal
phenomenon (Table 3). The increase in late spawning
in the more southern areas is probably due to increased
proportions of late-spawning species of rockfishes like
the Mexican rockfish and the subgenus Sebastomus
(Chen 1971), which become relatively more abundant
in the rockfishes’ southern range.

Estimates of the numbers of all rockfishes, S.
Jjordani, and S. macdonaldi were calculated by month
and line for 1956, 1966, 1972, and 1975, and of S.
paucispinis and S. levis for 1956, 1969, 1972, and
1975'. A summary of the estimated larval abundance
by year and month (Table 4) shows that the seasonal
distribution of all rockfish larvae for the 5 selected

'Tables to be issued as an administrative report of the Southwest Fisheries
Center.
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TABLE 4
Estimated Larvae (Billions) from CalCOFI Lines 60-137 (60-157 for Sebastes macdonaldi) tor All Rockfish,

and Four Species of Rockfish

Month Year
AllRF 1956 1966 1969 1972 1975 Mean Percent
Jan. 24,018 24,736 38,560 48,378 28,617 32,862 19.766
Feb. 63,875 27,401 77,687 30,567 46,245 49,155 29.566
Mar. 37,967 23,878 40,409 30,382 28,165 32,160 19.344
Apr. 9,886 20,845 25,792 16,617 16,573 17,943 10.792
May 5,763 8,812 9,156 12,110 5,129 8,194 4,929
June 4,264 8,003 7,578 5,484 5,469 6,160 3.705
July 4,295 6,075 6,363 4,886 3,252 4,974 2.992
Aug. 5,683 1,438 3,102 2,681 2,675 3,116 1.874
Sept. 0 2,196 2,809 1,966 1,961 1,786 1.075
Oct. 2,121 1,989 1,693 2,208 1,805 1,963 1.181
Nov. 1,376 474 3,755 2,620 3,241 2,298 1.379
Dec. 8,929 3,420 2,074 4,878 8,939 5,648 3.397
Totals 168,177 129,267 218,978 162,777 152,071 166,254 100.000
S. paucispinis
Jan. 548 2,651 3,966 2,050 2,304 40.131
Feb. 351 2,934 1,615 1,693 1,648 28.713
Mar. 514 1,374 1,388 952 1,057 18.413
Apr. 65 462 333 235 274 4.769
May 17 170 304 82 143 2.495
June 17 20 17 24 20 0.340
July 0 0 0 0 0 0.000
Aug. 0 0 0 0 0 0.000
Sept. 0 0 0 0 0 0.000
Oct. 0 0 13 6 5 0.083
Nov. 0 12 12 19 11 0.187
Dec. 133 168 341 476 280 4.869
Totals 1,645 7,791 7,989 5,537 5,742 100.000
S. jordani
Jan. 1,611 2,761 1,611 3,551 2,160 2,339 13.564
Feb. 14,300 8,118 20,932 2,426 10,590 11,273 65.378
Mar. 2,962 2,017 4,186 2,541 2,419 2,825 16.383
Apr. 492 667 1,183 364 666 674 3.911
May 23 0 113 310 46 98 0.571
June 0 0 9 1 3 3 0.015
July 0 0 4 0 0 1 0.005
Aug. 0 0 23 11 21 11 0.064
Sept. 0 0 0 0 0 0 0.000
Oct. 0 0 0 0 0 0 0.000
Nov. 0 0 17 11 66 19 0.109
Dec. 0 0 0 0 0 0 0.000
Totals 19,388 13,563 28,078 9,215 15,971 17,243 100.000
S. levis
Jan. 40 56 214 574 221 45.473
Feb. 0 170 53 164 97 19.908
Mar. 0 93 118 144 89 18.261
Apr. 8 119 7 139 68 14.043
May 0 15 7 0 6 1.132
June 0 0 0 0 0 0.000
July 0 23 0 0 6 1.183
Aug. 0 0 0 0 0 0.000
Sept. 0 0 0 0 0 0.000
Oct. 0 0 0 0 0 0.000
Nov. 0 0 0 0 0 0.000
Dec. 0 0 0 0 0 0.000
Totals 48 476 399 1,021 487 100.000

(Table 4 continued on next page)
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TABLE 4 (continued)
Month Year

1956 1966 1969 1972 1975 Mean Percent
S. macdonaldi
Jan. 268 36 86 35 167 118 10.432
Feb. 279 437 637 125 153 326 28.740
Mar. 67 473 298 750 7 319 28.106
Apr. 17 979 172 459 162 358 31.524
May 17 0 6 7 2 6 0.564
June 0 0 0 0 0 0 0.000
July 0 0 0 0 0 0 0.000
Aug. 0 0 0 0 0 0 0.000
Sept. 0 0 0 0 0 0 0.000
Oct. 0 0 0 0 0 0 0.000
Nov. 0 10 0 3 0 3 0.299
Dec. 0 0 18 5 0 5 0.405
Totals 648 1,935 1,217 1,384 491 1,135 100.000

years is not much different from the 14-year average of
which it is a part (Table 2). However, the 5 years were
among the years of higher abundance estimates. The
mean abundance index was 166 X 10'? compared to
135 X 10" for the 14-year average.

For the 5 years in which individual species were
enumerated, 30% of all rockfish larvae were taken in
February, 20% in January, 19% in March, and 11% in
April (Figure 3). S. jordani, which accounted for
10.4% of all rockfish larvae, was most abundant in
February in 4 of 5 years; an average of 65% of the
larvae was taken in this month. January, February, and
March accounted for 95% of the larvae of this species.
The larvae of S. paucispinis were most abundant in
January, when 40% of the estimated annual number
was found. In January, February, and March—the
months of heaviest spawning—87% of the annual
larval population of this species was present. S.
paucispinis was about one-third as abundant as S.
Jjordani. S. levis also appears to be an earlier-spawning
species, with 45% of the spawning taking place in
January. In January, February, and March 84% of the
larvae were taken. S. levis larvae were only 1/35 as
abundant as S. jordani larvae. S. macdonaldi appeared
to be a later-spawning species, with 32% of the spawn-
ing occurring in April. About 89% of the total larvae
were taken in February, March, and April. S. macdon-
aldi larvae were about 1/15 as abundant as S. jordani
larvae.

The distribution of all rockfish larvae by line for the
5 years (Table 5; Figure 4) is not much different from
the distribution for the 14 years (Table 3).

The distribution of S. jordani larvae by line and year
(Table 6) indicates concentrations in the San Francisco-
Monterey area (lines 60-67), where 53% of the 5-year
mean of the number of larvae occurred, and in the
Channel Islands area (lines 83-90), where 35% of the
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larvae were found. No larvae were taken south of line
120 (Cedros Island). No data are available for the area
north of line 60.

S. paucispinis larvae appear to follow all rockfish
larvae in distribution by line within their range (Table
7). They were most abundant in the Channel Islands

ALL SPECIES

(5-year average)

S. paucispinis
{4-year average)

S. levis
(4-year average)

PERCENT
]

S. jordani

(5-year average)

S. macdonaldi
(5-year average)

OCT NOV DEC JAN FEB MAR APR MAYI \IUNI J\JLIAUGISEI’l
MONTH

Figure 3. Percent spawning by month as indicated by larval rockfish taken in
net tows.
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TABLE 5
Percent Distribution of Rockfish Larvae by CalCOFI Line
Year
Line 1956 1966 1969 1972 1975 Average
60 13.240 12.455 14.933 11.926 10.560 12.816
63 11.490 12.303 14.494 6.569 11.926 11.524
67 9.944 12.232 10.361 6.752 8.439 9.509
70 4.065 5.449 4.660 4.840 4.496 4.668
73 2.879 3.170 3.098 2,869 4.421 3.262
71 4.369 5.615 4.543 8.468 3.481 5.249
60-77 45.987 51.224 52.089 41.424 43.323 47.028
80 3.213 4.578 4.710 10.494 4.644 5.507
83 7.070 10.832 11.112 14.634 13.469 11.372
87 11.556 11.068 11.713 10.566 15.135 11.983
90 8.945 5.354 8.845 9.741 7.834 8.312
93 1.978 3.027 2.502 3.441 2.976 2.748
80-93 32.762 34.859 38.882 48.876 44.058 39.922
97 0.824 1.901 0.966 2.118 1.603 1.425
100 2.520 2.849 1.226 1.352 1.631 1.839
103 1.738 0.673 0.649 0.750 1.365 1.024
107 1.993 0.952 0.832 0.419 0.775 0.994
97-107 7.075 6.375 3.673 4.639 5.374 5.282
110 1.486 1.176 0.992 0.515 0.975 1.024
113 1.148 1.036 0.778 0.549 0.874 0.866
117 4.479 2.321 1.283 1.240 2.123 2.236
120 3.689 0.860 0.844 0.800 1.500 1.533
110-120 10.802 5.393 3.897 3.104 5.472 5.659
123 1.013 1.137 0.636 0.937 0.545 0.833
127 0.930 0.383 0.255 0.413 0.537 0.494
130 0.228 0.112 0.093 0.077 0.179 0.136
133 0.568 0.230 0.226 0.270 0.187 0.297
137 0.501 0.142 0.156 0.143 0.189 0.227
123-137 3.240 2.004 1.366 1.840 1.637 1.987
140 0.065 0.073 0.045 0.055 0.069 0.060
143 0.041 0.041 0.028 0.033 0.045 0.036
147 0.000 0.000 0.000 0.000 0.000 0.000
150 0.009 0.009 0.006 0.010 0.006 0.008
153 0.008 0.011 0.006 0.007 0.008 0.008
157 0.011 0.011 0.008 0.012 0.008 0.010
140-157 0.134 0.145 0.093 0.117 0.136 0.122
60-157 100.000 100.000 100.000 100.000 100.000 100.000

area off southern California, and north to Point Con-
ception. Nineteen percent of the larvae occurred in the
area represented by line 83, and 53% in the area
represented by lines 80-90. The peak on lines 60-67 is
less marked than for all rockfish, and there are no data
for the area to the north.

The distribution of S. levis (Table 8) appears to be
restricted primarily to southern California. Miller and
Lea (1972) give the range of this species as from
Mendocino County (line 50) to Ranger Bank (line
117). Most larvae—86% — were taken on lines 83-90.

Only 7% occurred in the area represented by the six
lines north of Point Conception.

S. macdonaldi (Table 9) has the most southerly dis-
tribution of the four species. No larvae were taken from
Point Conception (line 80) north. Ninety-seven percent
of the larvae were spread over the area represented by
the 10 lines 110-140, with 37% occurring along line
117. A second apparent peak was found south of Point
Eugenia along line 123. The population decreased to
line 143 (Magdalena Bay area), and no larvae were
taken to the south.
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Figure 4. Larval rockfish percent distribution by CalCOFi line.

S. jordani, the most abundant of the four identified
species, accounted for 10.4% of all rockfish larvae
taken on lines 60-137 (Table 10). It was most abundant
between San Francisco and Monterey (lines 63 and
67), where S. jordani was 23.4% of all rockfish larvae,
and in the Channel Islands (lines 83 and 87), where it
was 12.9% of all larvae. S. paucispinis accounted for
3.27% of all rockfish larvae. Its distribution was dis-
proportionately high between the abundance peaks of
all rockfish larvae. In this area (lines 70-80) it
accounted for 5.0% of all rockfish larvae. S. levis was
the least abundant of the four species, constituting only
0.28% of all rockfishes. It was most abundant in the
Channel Islands area, where it accounted for 0.73% of
the larvae on the three lines 83-90. S. macdonaldi
larvae amounted to 0.68% of the total rockfish larvae.
They were most abundant on line 117, where they
equalled 11.14% of all rockfish larvae. However,
smaller numbers of S. macdonaldi to the south of this
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area constituted a larger portion of the population (up
to 27.8% on line 130) as numbers of other species
decreased rapidly.

Length compositions (Tables 11-14) for S. jordani
and S. paucispinis show an apparent increase in the
percent of larger larvae as the season progresses; this
is not apparent for the two less-abundant species.
However, most of the larvae for all four species are
smaller, more recently hatched larvae.

Moser et al. (1977) give the size of newly hatched S.
paucispinis and S. macdonaldi as 4.5 mm, S. levis as
5.0 mm, and S. jordani as 5.4 mm. About 87% of S.
jordani, 78% of S. paucispinis, 83% of S. macdonaldi,
and 70% of S. levis were within 1 mm of the size of
newly hatched larvae (Figure 5). This indicates that,
unless rockfish larvae have exceptionally slow growth,
a large portion of captured larvae were spawned during
the month of capture. The decrease in numbers of
longer larvae indicates a very high mortality combined
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TABLE 6
Percent Distribution of Sebastes jordani Larvae by CalCOFi Line
Year
Line 1956 1966 1969 1972 1975 Average
60 5.875 5.190 5.805 6.989 6.906 6.055
63 35.976 30.229 38.977 22.398 36.535 34.701
67 12.554 16.560 12.925 6.424 12.949 12.723
70 1.547 2.625 2.148 3.039 1.703 2.100
73 0.928 0.509 1.079 0.846 2.285 1.154
n __ 4513 __3.766 __4.861 _ATis 3.995 _ 4756
60-77 61.393 60.879 65.795 44.471 64.373 61.489
80 0.423 0.819 2.799 1.357 1.903 1.633
83 12.111 15.483 8.594 26.088 12.316 13.028
87 18.207 17.105 15.468 11.915 15.879 16.038
90 5.555 4.394 6.336 14.704 3.970 6.311
93 0.753 0.605 0641 __1.020 _0.488 0.673
80-93 37.049 38.406 33.838 55.084 34.556 37.683
97 0.031 0.288 0.103 0.141 0.507 0.195
100 0.676 0.383 0.185 0.108 0.338 0.347
103 0.660 0.015 0.018 0.000 0.163 0.187
107 __0.000 __0.000 _0.025 __o.o11 _ 0013 __ob.o11
97-107 1.367 0.686 0.331 0.260 1.021 0.740
110 0.191 0.000 0.000 0.000 0.050 0.052
113 0.000 0.000 0.000 0.000 0.000 0.000
117 0.000 0.029 0.032 0.185 0.000 0.035
120 0.000 __0.000 __0.004 __0.000 _0.000 __0.001
110-120 0.191 0.029 0.036 0.185 0.050 0.088
123-157 0.000 0.000 0.000 0.000 0.000 0.000
60-157 100.000 100.000 100.000 100.000 100.000 100.000
with increasing ability to dodge the net as the larvae Exponential equations fitted to the data by trans-
develop and grow. The decrease also may be affected forming catches to logarithms and then using standard
by differences in growth rates among the species. least squares regression techniques indicate a 61%
TABLE 7
Percent Distribution of Sebastes paucispinis Larvae by CalCOFI Line
Year Year
Line 1956 1969 1972 1975  Average Line 1956 1969 1972 1975 Average
60 12.462 9.703 15.296 5.261 10.774 97 1.155 0.500 2.028 0.958 1.189
63 6.079 8.895 1.940 6.003 5.575 100 2.371 0.488 1.027 0.651 0.849
67 7.355 12.091 3.980 5.985 7.456 103 0.425 0.257 0.851 1.537 0.784
70 5.836 4.698 5.232 7.304  5.618 107 0.000 0.051 0.225 0.036 0.104
73 4.924  4.646 2616 7.431  4.629 97-107 3951  1.296  4.131  3.182  2.926
77 6.809 5.776 8.512 5.496  6.733
60-77 43.465 45.809 37.576 37.480 40.785 110 0.182 0.039 0.188 0.307 0.166
113 0.730 0.000 0.000 0.000 0.052
80 8.632  9.98  12.467 13560 11.611 17 0.000  0.000  0.000  0.000 0.000
83 12.644  19.073 21430  17.158 18.966 120 0.000 _ 0.000 _ 0.000 _ 0.000 _ 0.000
87 14.347 11.693 9.751 14.211  11.811 110-120 0.912 0.039 0.188 0.307 0.218
90 14.225 9.126 10.802 12.746 10.944
93 1.824 2.978 3.655 1.356 2.739 123-157 0.000 0.000 0.000 0.000 0.000
80-93 51.672 52.856 58.105 59.031 56.071 60-157 100.000 100.000 100.000 100.000 100.000
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TABLE 8
Percent Distribution of Sebastes levis Larvae by CalCOFI Line
Year Year
Line 1956 1969 1972 1975 Average Line 1956 1969 1972 1975 Average
60 0.000 0.000 0.000 0.000  0.000 97 0.000 0.000 0.000 0.000 0.000
63 0.000 0.000 0.000 0.000  0.000 100 0.000 1.260 0.000 0.000 0.310
67 2.083 6.513 0.000 1.371  2.377 103 0.000 0.000 0.000 0.000  0.000
70 2.083 1.681 0.000 0.000 0.465 107 0.000 0.000 0.000 0.000  0.000
73 2.083  0.630  0.000  2.057 1.292 97-107 0.000 1.260  0.000  0.000 0.310
71 2.084 5.252 6.154 0.000 2.584
60-77 8.333 14.076 6.154 3.428 6.718 110 0.000 0.000 7 0.000 0.000  0.000
113 0.000 0.000 0.000 0.000  0.000
80 0.000 8824 7436 4799 6202 17 0.000  0.630  0.000  0.000 0.155
83 0.000 22.689 40.769  66.993 49.147 120 0.000 _ 0.000 _ 0.000 _ 0.000 _0.000
87 39.583 27.731 31.282 11.460 20.155 110-120 0.000 0.630 0.000 0.000 0.155
90 52.084 21.639 14.359 13.320 16.538
93 0.000 3.151 0.000 0.000 0.775 123-152 0.000 0.000 0.000 0.000  0.000
80-93 91.667 84.034 93.846 96.572 92.817 60-157 100.000  100.000 100.000 100.000 100.000
TABLE 9
Percent Distribution of Sebastes macdonaldi Larvae by CalCOFI Line
Year
Line 1956 1966 1969 1972 1975 Average
60-77 0.000 0.000 0.000 0.000 0.000 0.000
80 0.000 0.000 0.000 0.000 0.000 0.000
83 0.000 0.000 1.479 0.361 0.000 0.405
87 0.000 0.000 0.000 0.000 0.000 0.000
90 0.000 0.000 0.000 0.000 0.000 0.000
93 0.000 _ 0413 0.000 0.000 __0.000 __0.141
80-93 0.000 0.413 1.479 0.361 0.000 0.5464
97 0.000 0.310 0.000 0.145 0.204 0.159
100 0.000 0.052 0.740 0.361 0.204 0.282
103 2.932 0.000 0.000 0.000 0.407 0.370
107 0.000 0.000 _2.136 _0.289 __oell 0581
97-107 2.932 0.362 2.876 0.795 1.426 1.392
110 9.722 2.791 4.601 1.300 7.943 4.053
113 2.469 5.530 7.560 6.142 24.236 7.384
117 12.191 50.749 25.301 40.607 27.902 36.546
120 __6.019 _2:635 5423 _5.997 1222 _ 4317
110-120 30.401 61.705 43.385 54.046 61.303 52.300
123 35.494 11.576 19.392 13.512 10.998 16.405
127 4.938 7.804 15.366 4.552 12.831 8.740
130 17.901 4.238 2.711 4.046 5.499 5.533
133 0.000 7.338 7.231 16.257 2.037 8.194
137 _2.624 _2.016 _3.205 _ 2023 _1.629 _2.309
123-137 60.957 32.972 47.905 40.390 32.994 41.181
140 4.321 3.876 3.287 3.396 3.055 3.612
143 1.389 0.672 1.068 1.012 1.222 0.969
147 0.000 0.000 0.000 0.000 0.000 0.000
150 0.000 0.000 0.000 0.000 0.000 0.000
153 0.000 0.000 0.000 0.000 0.000 0.000
157 0.000 0.000 0.000 0.000 0.000 0.000
140-157 5.710 4.548 4.355 4.408 4.277 4.581
60-157 100.000 100.000 100.000 100.000 100.000 100.000
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TABLE 10

Estimated Mean Numbers of Rockfish (for 1956, 1966, 1969, 1972, 1975) and Percent Each Species Is of All Rockfish

5-year average

4-year average

Line All rockfish S. jordani S. macdonaldi All rockfish S. paucispinis S. levis
No. No. Yo No. % No. No. % No. %
60 21,333 1,004 4.89 0 0.00 22,636 619 2.73 0 0.00
63 19,182 5,984 31.19 0 0.00 19,996 320 1.60 0 0.00
67 15,829 2,194 13.86 0 0.00 15,827 428 2.70 12 0.07
70 7,770 362 4.66 0 0.00 7,948 322 4.06 2 0.03
73 5,430 199 3.67 0 0.00 5,762 266 4.61 6 0.11
77 8,737 820 9.39 0 0.00 9,104 386 4.25 13 0.14
Total 78,281 10,603 13.54 0 0.00 81,273 2,341 2.88 33 0.04
80 9,167 282 3.07 0 0.00 9,977 667 6.68 30 0.30
83 18,929 2,247 11.87 5 0.02 20,155 1,089 5.40 238 1.18
87 19,945 2,765 13.87 0 0.00 21,350 678 3.18 98 0.46
90 13,836 1,088 7.87 0 0.00 15,563 628 3.39 80 0.51
93 4,575 116 2.54 2 0.04 4,739 157 3.32 4 0.08
Total 66,452 6,498 9.78 7 0.01 71,784 3,219 4.48 449 0.63
97 2,372 34 1.42 2 0.08 2,349 68 291 0 0.00
100 3,061 60 1.95 3 0.11 2,905 49 1.68 2 0.05
103 1,704 32 1.89 4 0.25 1,912 45 2.35 0 0.00
107 1,655 2 0.12 7 0.40 1,761 6 0.34 0 0.00
Total 8,792 128 1.45 16 0.18 8,927 168 1.88 2 0.02
110 1,704 9 0.53 46 2.70 1,750 10 0.54 0 0.00
113 1,441 0 0.00 84 5.82 1,466 3 0.21 0 0.00
117 3,723 6 0.16 415 11.14 3,902 0 0.00 3 0.08
120 2,553 + 0.01 49 1.92 2,913 0 0.00 0 0.00
Total 9,421 15 0.16 594 6.30 10,031 13 0.13 3 0.03
123 1,386 0 0.00 186 13.44 1,365 0 0.00 0 0.00
127 822 0 0.00 99 12.06 904 0 0.00 0 0.00
130 226 0 0.00 63 27.79 246 0 0.00 0 0.00
133 495 0 0.00 93 18.80 544 0 0.00 0 0.00
137 378 0 0.00 26 6.93 427 0 0.00 0 0.00
Total 3,307 0 0.00 467 14.13 3,486 0 0.00 0 0.00
140-157 203 0 0.00 52 25.59 207 0 0.00 0 0.00
Alllines 166,457 17,243 10.36 1,135 0.68 175,708 5,740 3.27 486 0.28

decrease in numbers with each mm of length growth
for S. jordani. The decrease is 58% for S. macdonaldi,
54% for S. levis, and 43% for S. paucispinis. S.
jJordani is a small species and may have slower-
growing larvae. S. paucispinis grows more rapidly
than other rockfish later in life and may also have
faster-growing larvae. The differences in decrease in
numbers of larvae may reflect these growth differences
rather than temporal mortality.

The larval abundance estimates yield interesting
data on relative numbers of larvae by year, month, and
area of the four species in relation to all larvae and to
each other. But we need additional data in order to
estimate the total numbers of larvae produced each
year and, from that, the biomass of the spawning

population. The two most important missing elements
are the growth of larvae with time and temperature, and
larval mortality. With these data we could interpolate
for between-cruise estimates and obtain a rough
estimate of the total annual production for each identi-
fied species. In order to convert larval data to adult
biomass we need data on species size at maturity, ratio
of adult females to males, number of larvae produced
per unit weight of females per spawning, and number
of spawnings per year. According to Phillips (1964), a
few S. jordani mature at 6" total length (152 mm, 31 g),
age 2; 50% at 6'2" (165 mm, 30 g), age 3. They attain a
maximum size of 12” (306 mm, 275 g) and age of 10
years. A few S. paucispinis spawn at 14" TL (356 mm,
456 g), age 3; 50% mature at 164" (413 mm, 723 g),
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TABLE 11
Number and Percent of Sebastes paucispinis by Size and Month*
Length Number (billions)
(mm) Jan. Feb. Mar. Apr. May June Oct. Nov. Dec. Total  Percent
2.0 10.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.7 0.19
2.5 40.2 20.5 0.0 0.0 0.0 0.0 0.0 0.0 13.4 74.1 1.30
3.0 96.3 5.8 5.4 14.6 4.3 0.0 0.0 0.0 49.2 175.6 3.08
3.5 291.7 38.1 21.9 19.4 8.6 0.0 0.0 0.0 35.8 415.5 7.28
4.0 696.0 278.3 137.0 43.7 43 5.9 3.1 0.0 53.7 1,222.0 21.40
4.5 422.9 389.8 230.1 48.6 8.6 0.0 3.1 4.3 49.2 1,156.6 20.26
5.0 275.7 383.8 246.6 29.1 8.6 5.9 0.0 4.3 17.9 971.9 17.02
55 165.9 140.7 71.3 19.4 0.0 0.0 0.0 0.0 8.9 406.2 7.11
6.0 101.7 149.4 60.3 9.7 17.2 0.0 0.0 0.0 8.9 347.2 6.08
6.5 45.5 43.9 60.3 4.9 12.9 0.0 0.0 0.0 0.0 167.5 2.93
7.0 56.2 88.0 43.9 9.7 43 0.0 0.0 0.0 0.0 202.1 3.54
7.5 34.8 26.4 21.9 49 8.6 0.0 0.0 0.0 0.0 96.6 1.69
8.0 16.0 79.1 27.4 4.9 0.0 0.0 0.0 0.0 0.0 127.4 2.23
8.5 21.4 35.2 21.9 14.6 8.6 0.0 0.0 0.0 4.5 106.2 1.86
9.0 13.5 29.4 16.4 49 4.3 0.0 0.0 0.0 4.5 73.0 1.28
9.5 5.3 8.7 5.4 0.0 0.0 0.0 0.0 0.0 0.0 19.4 0.34
10.0 16.0 11.7 5.4 0.0 4.3 0.0 0.0 0.0 4.5 41.9 0.73
10.5 0.0 3.0 5.4 0.0 0.0 0.0 0.0 0.0 0.0 8.4 0.15
11.0 5.3 3.0 11.0 0.0 4.3 0.0 0.0 0.0 0.0 23.6 0.41
1L.5 2.8 5.8 5.4 0.0 4.3 0.0 0.0 0.0 0.0 18.3 0.32
12.0 2.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.8 0.05
12.5 0.0 0.0 0.0 4.9 43 0.0 0.0 0.0 0.0 9.2 0.16
13.0 0.0 0.0 5.4 0.0 0.0 0.0 0.0 0.0 0.0 5.4 0.10
13.5 0.0 3.0 0.0 9.7 0.0 0.0 0.0 0.0 0.0 12.7 0.22
14.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.05
14.5 0.0 0.0 5.4 0.0 0.0 0.0 0.0 0.0 0.0 5.4 0.10
16.0 0.0 0.0 0.0 0.0 4.3 0.0 0.0 0.0 0.0 4.3 0.07
18.0 0.0 3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.0 0.05
Total 2,320.7 1,749.6 1,007.8 243.0 111.8 11.8 6.2 8.6 250.5 5,710.0  100.00
Percent 40.645 30.637 17.654 4.253 1.958 0.206 0.108 0.152 4/387 100.00
*Average data for all years.
TABLE 12
Number and Percent of Sebastes levis by Size and Month*
Length Number (billions)
(mm) Jan. Feb. Mar. Apr. May July Dec. Total Percent
4.0 45.7 0.0 5.5 0.0 0.0 0.0 4.0 55.2 11.19
4.5 355 3.2 13.8 21.8 0.6 0.0 0.0 75.0 15.21
5.0 35.5 9.6 30.4 10.9 0.0 0.0 3.9 90.5 18.35
5.5 20.3 6.4 16.6 5.5 0.0 0.0 0.0 48.8 9.90
6.0 25.4 16.1 13.8 16.4 0.0 5.9 0.0 77.6 15.73
6.5 20.3 28.9 8.3 0.0 0.0 0.0 3.9 61.5 12.46
7.0 10.2 6.4 2.8 0.0 0.6 0.0 0.0 19.9 4.04
7.5 20.3 32 5.5 10.9 0.0 0.0 0.0 40.0 8.11
8.0 15.2 3.2 0.0 0.0 0.6 0.0 0.0 19.0 3.86
8.5 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.6 0.12
10.0 5.1 0.0 0.0 0.0 0.0 0.0 0.0 5.1 1.03
Total 233.5 77.1 96.8 65.5 23 5.9 11.8 493.1 100.00
Percent 47.36 15.64 19.64 13.29 0.47 1.20 2.40 100.00

*Average data for all years.
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TABLE 13
Number and Percent of Sebastes macdonaldi by Size and Month*
Length Number (billions)
(mm) Jan Feb. Mar. Apr. May Nov. Dec. Total Percent
3.5 0.0 0.0 0.0 8.6 0.0 0.0 0.0 8.6 0.74
4.0 22.5 22.1 68.6 86.4 1.1 0.0 0.0 200.7 17.19
4.5 28.9 119.3 103.0 83.5 2.7 2.4 0.0 339.8 29.11
5.0 33.7 68.5 76.6 103.6 0.2 2.4 0.0 285.0 24.42
5.5 20.9 68.5 10.6 31.7 0.2 0.0 0.0 131.9 11.29
6.0 4.8 37.6 7.9 40.3 0.4 0.0 0.0 91.0 7.79
6.5 0.0 8.8 13.2 2.9 0.0 0.0 0.0 249 2.14
7.0 6.4 6.6 53 2.9 0.0 0.0 0.0 21.2 1.82
1.5 0.0 13.3 0.0 2.9 0.0 0.0 0.0 16.2 1.38
8.0 1.6 6.6 0.0 5.7 0.5 0.0 0.0 14.4 1.24
8.5 0.0 2.2 0.0 5.7 0.0 0.0 0.0 7.9 0.68
9.0 0.0 2.2 0.0 0.0 0.0 0.0 0.0 2.2 0.19
9.5 0.0 4.4 0.0 5.7 0.0 0.0 4.5 14.6 1.26
10.0 0.0 2.2 0.0 0.0 0.5 0.0 0.0 2.7 0.23
10.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00
11.0 0.0 0.0 0.0 2.9 0.0 0.0 0.0 2.9 0.25
12.5 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.01
14.5 0.0 0.0 0.0 29 0.0 0.0 0.0 29 0.25
15.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.2 0.01
Total 118.8 362.3 285.2 385.7 6.0 4.8 4.5 1,167.3 100.00
Percent 10.18 31.03 24.44 33.04 0.50 0.42 0.39 100.00
TABLE 14
Number and Percent of Sebastes jordani by Size and Month*
Number (billions)
Length
(mm) Jan. Feb. Mar. Apr. May June July Aug. Nov Total Percent
4.0 28.8 0.0 3.6 0.0 4.3 0.0 0.0 0.0 7.3 44.0 0.25
4.5 558.9 210.7 114.7 13.0 0.0 0.0 0.0 0.0 2.5 899.8 5.18
5.0 862.6  2,935.5 696.0 123.3 12.9 0.0 0.4 11.2 7.3 4,649.2 26.77
5.5 592.7  3,080.6 721.3 100.6 21.4 0.0 0.4 11.2 2.4 4,530.6 26.09
6.0 2225 2,177.7 351.6 220.7 12.9 0.0 0.0 0.0 24 29878 17.20
6.5 73.0 1,846.0 157.8 58.4 8.6 0.0 0.0 0.0 0.0 2,143.8 12.35
7.0 45.9 738.2 136.4 42.2 0.0 0.0 0.0 0.0 0.0 962.7 5.54
7.5 20.3 322.5 86.0 42.2 0.0 0.0 0.0 0.0 0.0 471.0 2.7
8.0 8.5 115.2 75.4 32.5 8.6 0.0 0.0 0.0 0.0 240.2 1.38
8.5 5.1 49.5 43.1 22.7 0.0 0.0 0.0 0.0 0.0 120.4 0.69
9.0 0.0 28.8 64.6 19.5 4.3 0.0 0.0 0.0 0.0 117.2 0.67
9.5 0.0 2.9 43.1 13.0 0.0 0.0 0.0 0.0 0.0 59.0 0.34
10.0 0.0 2.9 43.1 16.2 0.0 0.0 0.0 0.0 0.0 62.2 0.36
10.5 0.0 0.0 25.1 3.3 0.0 0.0 0.0 0.0 0.0 28.4 0.16
11.0 0.0 2.9 17.8 3.3 0.0 0.0 0.0 0.0 0.0 24.0 0.14
11.5 0.0 0.0 0.0 0.0 4.3 0.0 0.0 0.0 0.0 4.3 0.03
12.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.02
12.5 0.0 0.0 0.0 33 0.0 0.0 0.0 0.0 0.0 3.3 0.02
13.0 0.0 2.9 0.0 33 0.0 0.0 0.0 0.0 0.0 6.2 0.04
13.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14.0 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 0.0 3.0 0.02
21.0 0.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 3.3 0.02
24.5 0.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 3.3 0.02
Total 2,418.3 11,516.3  2,583.2 724.1 71.3 3.0 0.8 22.4 21.9 17,367.3 100.00
Percent 13.925 66.310 14.875 4.168 0.444 0.017 0.005 0.129 0.127 100.00

*Average data for all years.
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age 4. They live to a maximum age of 30 years and
attain a maximum size of 34" (864 mm, 7096 g).

Phillips (1964) also gives fecundity data for these
two species. Both show an increase in relative as well
as absolute fecundity with increasing size of fish.
Based on ten specimens of S. jordani weighing 46 to
275 g, a 50-g fish should produce an average of 115
eggs (larvae) per gram of spawning female fish, while
a 275-g fish should produce 139 eggs/g. For §.
paucispinis (based on 24 specimens weighing 560 to
5000 g) the relative fecundity was 200 eggs/g for a
550-g fish and 434 eggs/g for a 5000-g fish.

The average fecundity for Phillips’ S. Jordani
sample was 134 eggs/g, and for his S. paucispinis
sample 339 eggs/g. A sample of 13 S. paucispinis from
Fortymile Bank off southern California (MacGregor
1970) had an average fecundity of 211 eggs/g. These
fish were smaller than Phillips’ sample from the
Monterey area.

We believe that rockfish spawn twice a year (Moser
1967; MacGregor 1970). Based on the ten specimens
of S. jordani, this would mean that 268 larvae
represent one gram of spawning female (if we discount
larval mortality for present purposes); 610 larvae
represent one gram of spawning female S. paucispinis
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(based on the combined total of 37 fish). The average
number of S. paucispinis larvae found in the survey
area for the four years was 5.7 trillion, with about three
times as many S. jordani, 17.2 trillion. Based on the
difference in relative fecundity, and assuming equal
larval mortality rates, the spawning biomass of S.
jordani should be about seven times larger than that of
S. paucispinis.

In estimating the population of larvae present in the
survey area, [ have used a very small sampled area ex-
panded to a population estimate for a very large area. I
do not know how accurate this expansion is. However,
the larval data are more consistent within years and
among years than for egg and larval data of other
species that have been studied in the CalCOFI area. As
mentioned earlier, in years when rockfish larvae are
more abundant, they tend to be abundant throughout
the area and spawning season; when less abundant,
they are consistently less abundant throughout the area
and season. This would indicate that years of low larval
abundance are truly years of scarcity, and years of high
larval abundance are truly years of greater spawning
success, and that these changes in abundance are not
the result of erratic distribution.

Although the total production of Sebastes larvae
varies from year to year, the numbers of larvae taken on
each line remain proportionally similar both for all
larvae and for the more abundant identified species.
Both the season and area of spawning remained re-
markably stable for the four species for the 4 or 5 years
of the survey and for all species for the 14 years of data.
However, all species do not have good spawning years
at the same time. The second best year for S. jordani
(1956) produced the smallest number of larvae for the
other three species, and the year of smallest S. jordani
larval production (1972) was the best or second best for
the other three species.
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LARGE FLUCTUATIONS IN THE SARDINE FISHERY
IN THE GULF OF CALIFORNIA: POSSIBLE CAUSES

DANIEL LLUCH-BELDA, FRANCISCO J. MAGALLON

Centro de Investigaciones Biolégicas de Baja California Sur
Ocampo No. 312
23000 La Paz, Baja California Sur
México

ABSTRACT

The sardine fishery in the Gulf of California has
fluctuated widely since its beginning in the late 1960s,
causing management problems. This fishery com-
prises the Monterrey sardine (Sardinops caeru-
lea)—the same temperate species that appears on the
west coast of North America—and the crinuda sardine
(Mexican name for thread herring, genus Opistho-
nema)——a tropical species. The sardine fishery moves
south and north as these fish populations migrate south
in the winter and spring and north in the later spring
and summer. Most fishing takes place along the east
side of the central gulf when the Monterrey sardines are
spawning. Upwelling and cold water correlate with
higher catches and catch per unit of effort (CPUE) for
the Monterrey sardine, whereas warmer water pro-
duces lower catch and CPUE, especially during an El
Nifio event. These climatic conditions produce the op-
posite effect on the crinuda sardine fishery. Larger,
more numerous vessels have increased the catch with
time, but these changes have not masked the environ-
mental effects on the catch.

RESUMEN

La pesqueria de sardina en el Golfo de California ha
presentado grandes fluctaciones desde sus inicios a
fines de le década de 1960, creando problemas
administrativos. Esta pesqueria estd compuesta por dos
especies: la sardina Monterrey (Sardinops caerulea),
que es la misma especie templada presente en la costa
QOeste de Norteamérica, y la sardina crinuda (género
Opisthonema), que incluye a varias especies tropi-
cales. La pesqueria de sardina se desplaza siguiendo
las migraciones de las poblaciones de sardina hacia el
Sur en el invierno y primavera, y después hacia el
Norte a fines de la primavera y el verano. La mayor
parte de la pesca se realiza a lo largo de la costa oriental
en la parte central del golfo, durante el periodo de
desove de la sardina Monterrey. La surgencias y las
aguas frias se correlacionan con las capturas y capturas
por unidad de esfuerzo (CPUE) maés altas para la
sardina Monterrey, mientras que las aguas calidas
estan relacionadas con las capturas y CPUE més bajas
especialmente durante el evento “El Nino.” Estas

[Manuscript received February 11, 1986.]
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condiciones climdticas producen el efecto opuesto en
la pesqueria de la sardina crinuda. La incorporacién de
embarcaciones mayores y el aumento en el nimero de
barcos han incrementado la captura, pero dichos
cambios no han ocultado los efectos ambientales sobre
la captura.

INTRODUCTION

There is an important fishery in the Gulf of Califor-
nia for two species of sardines, locally known as Mon-
terrey sardine (Sardinops caerulea) and crinuda sar-
dine (genus Opisthonema). They are presently caught
in the central gulf and, to a much smaller extent, along
the west coast of southern Baja California. The
Monterrey sardine is a temperate species generally
considered to be isolated in the gulf from other sub-
populations, which range off the west coast of North
America. The crinuda sardine is a component of the
tropical fauna, and ranges from the Gulf of Panama to
the west coast of southern Baja California and into the
Gulf of California.

Catch records are available for . caerulea from
British Columbia to California starting in 1916 (Rado-
vich 1982). For the west coast of Baja California, catch
data are available from 1929 (Pedrin-Osuna and
Ancheita-Avalos 1976). This fishery off the west coast
of North America increased to a peak catch in the
1940s, then declined rapidly; by the mid-1960s it had
disappeared except off southern Baja California.
Because of the small catches on Baja California’s west
coast, a few boats in the sardine fleet moved to the cen-
tral Gulf of California, establishing a new fishery (Ped-
rin-Osuna and Ancheita-Avalos 1976). The catch in the
1967-68 season was estimated at 126 metric tons (MT).

Large fluctuations in annual catch have caused con-
siderable management problems. We will discuss these
fluctuations and a hypothesis concerning their causes,
which appear partly to be interannual changes in the
ocean climate. Our study involves only the sardine
fishery for the port of Guaymas in the Gulf of Cali-
fornia.

MIGRATION AND SPAWNING

Sokolov (1974) hypothesized a general migratory
circuit for the Monterrey sardine. He described a north-
to-south migration from winter to spring along the east-
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ern coast of the Gulf of California from just north of
Guaymas to Topolobampo. During the 1970-71 fishing
season the southward migration may have reached
Mazatlan, but this is not usual. The migration begins in
October-November, with the start of the northerly
winds that induce upwelling along the gulf’s east
coast. By summer the winds shift from northerly to
southerly, and the Monterrey sardines migrate back
north.

January to April is the spawning period for the Mon-
terrey sardine. Sokolov (1974) says that the eggs and
larvae drift towards the gulf’s western coast, where the
larvae grow until they attain sexual maturity in their
second year. They then move north and join the adult
population around Angel de la Guarda Island.

At the same time that the Monterrey sardines are mi-
grating south (winter to spring), crinuda sardines also
move south as the water cools (as indicated by unpub-
lished data from the Instituto Nacional de Pesca).
Crinuda sardines begin returning north during late
spring-early summer when the water warms, upwell-
ing stops, and winds become southerly. Crinuda sar-
dines spawn over much of the gulf during the summer
months—the warmest period of the year (Moser et
al. 1974).

There are no recent estimates of the biomass of these
species in the gulf. Moser et al. (1974), using egg
abundance data, calculated the spawning stock for the
Monterrey sardine to be 48,000 MT in February 1956,
505,000 MT in April 1956, and 74,000 MT in Febru-
ary 1957. Sokolov (1974) estimated the Monterrey sar-
dine population to be about 200,000 MT. He said that
the catch should not be more than 25 percent of the re-
source and that 50,000 MT could be caught in 1972.
There are no population estimates for the crinuda
sardine.

THE FISHERY

The fishery exploits the Monterrey sardine and cri-
nuda sardine, depending on their availability, for use as
canned fish and fish meal. The fishery began in about
1967 with a very few boats. The catch data and number
of boats in the fishery are not reliable until the 1969-70
fishing season. For the first 11 years the boats fished
from October-November through May-June along the
east coast of the gulf close to the ports of Guaymas,
Sonora, and Yavaros, Sinaloa. All the boats had a
small capacity and no ice for preservation. Starting in
1978 the fleet added the summer months to its fishing
season and fished in the zone between the northern and
central gulf, near the large islands of Tiburén and
Angel de la Guarda (Figure 1).

In the second period, from 1977 to 1983, 30 boats
were added to the fleet (Figure 2). This was a 75 per-

Santa \_&Guaymas
Rosalia
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Figure 1. A, generalized Monterrey sardine fishery areas and months in the
Gulf of California. B, generalized crinuda sardine fishery areas and months.

cent increase in number, but a much greater increase
in fishing capacity because the boats were larger and
able to preserve the fish for a number of days before
having to go to port to unload. The new boats came
from the west coast of Baja California, where fishing
was becoming less profitable. The additional boats en-
abled the fishing area to be increased and fishing activ-
ity to continue throughout the year. As a result, the
1979-80 Monterrey sardine catch increased by 169 per-
cent from the previous year (Figure 3).

The catch of Monterrey and crinuda sardines for the
November-May period of each fishing season has fluc-
tuated widely (Figure 3). The 1975-76 season showed a
Monterrey sardine catch of 51,000 MT, whereas the
next season it was about 8,000 MT. By 1978-79 the
catch was about 23,000 MT; the next season it in-
creased to 62,000 MT. The crinuda sardine catch has
also fluctuated, but not nearly as dramatically as the
Monterrey sardine catch until the 1982-83 season,
when the crinuda catch increased from the previous
year by 42,000 MT. The largest catch for Monterrey
sardine was in the 1980-81 season, when approxi-
mately 88,000 MT were caught. The largest crinuda
sardine catch was in 1982-83, when approximately
68,000 MT were caught.
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Figure 2. Number of sardine fishing vessels, Guaymas, Sonora.

THE DATA

Catch and effort data for the sardine fishery have
been obtained from published reports (Pedrin-Osuna
and Ancheita-Avalos 1976) as well as unpublished in-
ternal reports from government fisheries offices (Mo-
lina et al. 1984). For comparison purposes, we have
used data from all catches registered in the Gulf of Cal-
ifornia wherever available, but our analysis is mostly
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Figure 3. Guaymas, Sonora, sardine catch for the months from November
through May. Arrows indicate El Nifio events.
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based on port of Guaymas data for the November-May
season. This port accounted for 81 percent of the total
registered catch in the gulf in 1980 and a higher per-
centage in earlier years.

Catch per unit of effort (CPUE) has been used as an
index of availability (either abundance, accessibility,
or both combined). It is obtained by simply dividing
the total catch per species for the fishing season by the
corresponding total number of registered trips. The use
of CPUE as an index of abundance of small pelagic
species has been severely questioned by various au-
thors, for example, Radovich (1982). Two considera-
tions are in order in this respect: first, CPUE is the best
possible index available at the present time; second, we
are not attempting to estimate the parameters of the sar-
dine’s population dynamics, but only to obtain a gross
relative estimate of the availability of either species
on the fishing grounds accessible to the Guaymas-
based fleet.

Yearly mean sea-level and sea-surface temperature
data for Guaymas and Manzanillo from October
through September were compared with the season-
ality of CPUE for each fishery (Figure 4). Because of
missing data for each station, we constructed compo-
site series of yearly mean sea level and yearly mean
sea-surface temperature data by averaging the two
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Figure 4. Anomalies of catch per unit of effort for Monterrey and crinuda
sardines, and a composite of Guaymas and Manzanillo sea level and sea-
surface temperature.
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stations’ data. Whenever gaps were present for one of
the series, we used the value for the other station. Our
aim was to construct a series that could be used to indi-
cate extensive geographical conditions.

DISCUSSION

The causes for the large fluctuations in catch, partic-
ularly for the Monterrey sardine, have been discussed
by several authors. Holtschmit (1977) analyzed the
catches and CPUE of Monterrey and Crinuda sardines
unloaded at Guaymas as related to environmental pa-
rameters such as atmospheric and water temperatures,
rainfall, and prevailing winds. He found that the most
significant correlations were an inverse relationship
between Monterrey sardine catch and water tempera-
ture for December of the same season, whereas crinuda
sardine catches were inversely related to the average
atmospheric temperature of the preceding year.

Molina et al. (1984) assumed that sardine catches
were strongly influenced by their availability to the
fleet, particularly during 1969-77, when the boats oper-
ated almost exclusively on a one-night-per-trip basis,
mostly because of their restricted carrying capacity and
lack of refrigeration. When more, larger boats began to
enter the fleet in 1978, the fishing area and season were
increased. Molina et al. further concluded that the in-
tensity of the north-south migration was the main
factor affecting the size of catches, as well as the com-
position of species during 1969-77. Since that time,
Molina et al. believe, this factor has mainly affected
the smaller boats; the larger boats have moved wher-
ever sardines are available.

The data are sparse concerning these species’ move-
ments and location at different times of the year. It is
apparent, however, that Monterrey sardine can be
found in most regions of the gulf during some years.
(Sokolov 1974; Moser et al. 1974; de 1a Campa de Guz-
man and Gutierrez 1974; de la Campa de Guzman and
Ortiz 1975). This appears to be true also for the crinuda
sardine, but each species is restricted by the environ-
ment during different seasons of the year. The spawn-
ing Monterrey sardine is concentrated in the east side
of the central gulf, with outlying patches to the north
and south during the winter and spring. The spawning
crinuda sardine dominates the gulf in the summer, par-
ticularly concentrating in the coastal zones of the cen-
tral and northern regions.

We incorporate some of the observations of Sokolov
(1974), Molina et al. (1984), and Holtschmit (1977),
but we believe our hypothesis is more complete con-
cerning the large fluctuations of the sardine fishery in
the gulf.

In October-November, northerly winds begin to
sweep the gulf because of the changing atmospheric

pattern toward a winter circulation (Granados and
Schwartzlose 1977; Hubbs and Roden 1964). These
winds, plus the normal seasonal cooling of the gulf
waters, cause a more temperate ocean climate. There is
upwelling along the east coast of the gulf. These condi-
tions along the eastern shore coincide with the
Monterrey sardine’s annual southward spawning mi-
gration and the beginning of the fishing season. The
crinuda sardine is also migrating southward because of
the cooling water. The fish, especially the preferred
Monterrey sardine, thus become available to fishermen
from the port of Guaymas.

The southernmost movement of the fish depends on
the intensity of the upwelling, the seasonal cooling of
the surface water, and southern flow of the surface
waters. Thus in cool years fish should be available to
the fishermen over a longer period and over a greater
geographic region along the east coast of the central
gulf. Conversely, the warmer the season the less avail-
able are Monterrey sardines, because of a shorter mi-
gratory season and a smaller geographic region. From
Figures 2, 3, and 4 we see that 1971-72 and 1975-76
were clearly colder years; they were also years of much
higher catch, and the CPUE was up, even with only a
small change in the number of fishing vessels. The cold
year of 1971-72 was one of the few seasons when
Monterrey sardines were caught as far south as Mazat-
lan. From these same figures, we see that the catch and
CPUE is down for Monterrey sardines and up for cri-
nuda sardines in the warm years while the water tem-
perature is increased from the previous year. The El
Nifo events, as shown by Baumgartner et al. (1985),
Wooster (1983), and Baumgartner and Christensen
(1985), among others, are marked by arrows on Figure
3 and coincide with dramatically lower Monterrey sar-
dine catches and higher crinuda sardine catches. Thus
the availability of the species is clearly shown in Figure
4 in the relationships for each species with sea level and
water temperature. The cross-correlation coefficients
of these parameters are all significant at either the 95 or
99 percent level (Table 1).

Cold years may also result in successful spawning
for the Monterrey sardine, since there is a larger area
for spawning and the growth of recruits. This might be
reflected by the relative dominance of year classes. Al-
though we do not present evidence of this, unpublished
material by Leonardo Huato Soberanes of CICIMAR
seems to confirm the assumption.

Seasonal warming of the water and reduced upwell-
ing cause adult Monterrey sardines to end their spawn-
ing and return north to the vicinity of the large islands
of Angel de la Guarda and Tiburén. This region has
strong tidal mixing and upwelling most of the year, and
surface temperatures are lower than in the remainder
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TABLE 1
Coefficients of Cross-Correlation

Monterrey Crinuda

Manzanillo Composite sardine sardine
MSL. MST MSL MST CPUE CPUE

Guaymas

MSL B9x* — — - .62% .69**

MST — S55% 0 — — — —
Composite

MSL — — — S6x - .57 79

MST — — — — —.53% ST

MSL = yearly mean sea level

MST = yearly mean sea-surface temperature
Composite = Guaymas and Manzanillo

* Significance at the 95% level
**Significance at the 99% level

of the gulf even during summer (Hubbs and Roden
1964; Badan-Dangon et al. 1985, among others). It is
quite possible that there is a resident population in this
region year-round. Summer catches of Monterrey sar-
dine are made in this region, particularly in the south-
ern portions of the upwelling area of the Ballenas
Channel. This additional fishing area and season added
about 22 percent to the total annual catch of Monterrey
sardine. In 1985 the area around the islands of Tiburén
and Angel de la Guarda was closed to Monterrey sar-
dine fishing in July, August, and September because
juveniles constituted the largest part of the catch in the
near-surface layer.

We conclude that the large fluctuations of the
November-May catch of both the Monterey and cri-
nuda sardines are due to their availability to the fishing
fleet, and that availability is largely influenced by the
ocean climate in the Gulf of California—for example,
a cool year of upwelling and northerly winds, or a
warm year that might result from an El Nifio event. A
cold year increases the area of availability for the
Monterrey sardine; there is an opposite effect on the
crinuda sardine. A warm year supports the crinuda sar-
dine’s availability and depresses the Monterrey sar-
dine. The large, sustained increases in the catch from
1979 through 1983 were due to the growing number of
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larger-capacity vessels and their ability to preserve the
catch for several days.
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RESUMEN

En base a la tendencia observada en el crecimiento
individual de Engraulis mordax durante los primeros
estadios de su desarrollo bajo diferentes fuentes de
alimentacién, se propone un modelo polinomial de
tercer grado para describirlo. Este modelo permite
detectar el agotamiento del saco vitelino, el “periodo
critico” y su duracion (cuando se presenta) y el inicio
del crecimiento acelerado.

ABSTRACT

Based on individual growth patterns of Engraulis
mordax during early life stages under different food
sources, a third-degree polynomial model of this
growth is proposed. It describes when the yolk sac is
consumed, the critical period (its timing and length),
and the onset of accelerated growth.

INTRODUCCION

El crecimiento durante los primeros estadios de de-
sarrollo de larvas de peces marinos es influenciado por
la disponibilidad de alimento adecuado posterior al
agotamiento del vitelo (Lasker 1965).

La secuencia de los incrementos en crecimiento du-
rante las etapas mds tempranas del desarrollo de peces
marinos se ha representado utilizando normalmente el
modelo de Gompertz (Kramer y Zweifel 1970; Stevens
y Moser 1982), o el de tipo exponencial (Bolz y Lough
1983). Dichos modelos obscurecen eventos bioldgicos
importantes durante el lapso de prolarva y postlarva.
Estos eventos pueden manifestar deficiencias en ali-
mentacion provocando la presencia de un periodo cri-
tico (Marr 1956).

El objetivo del presente trabajo es presentar un mo-
delo polinomial de tercer grado para describir el
crecimiento individual durante los primeros estadios
de desarrollo de larvas de Engraulis mordax bajo
diferentes regimenes de alimentacion.

PRESENTACION Y USO DEL MODELO

Se describe la longitud Lt a la edad ¢ durante los pri-
meros estadios de vida de la anchoveta nortena E.
mordax mediante un modelo polinomial de tercer
grado, cuya expresion general es la siguiente:

[Manuscript received February 10. 1986.]

Lt =a+ bt + ct® + dr’ (1)

Para este tipo de aplicacidn, el modelo puede repre-
sentar el crecimiento de larvas como el que se muestra
en la Figura 1, en donde se aprecia que la curva alcanza
un maximo local a la edad £, y un minimo local a la
edad E, quedando definidos tres periodos en los que
ocurren los siguientes eventos biolégicos:

: Consumo del saco vitelino que
permite el crecimiento de la larva
desde la eclosion hasta que alcanza la
edad E,.

. Periodo critico (Marr 1956) durante el
cual Ia larva, al no alimentarse y no
disponer de vitelo, queda en con-
diciones de inanicion (Lasker 1965).

. Inicio del crecimiento acelerado de la
larva en base al suministro adecuado
de alimento (Kramer y Zweitel 1970).

Es posible que no exista periodo critico, en cuyo
caso el modelo (1) no tiene ni maximo ni minimo

MODELO POLINOMIAL DE GRADO 3
CRECIMIENTO INDIVIDUAL DE LARVAS

© _, Utikizacidn
del Periodo Crecimiento
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Figura 1. Curva tedrica de crecimiento individual durante los primeros
estadios de desarrollo para Engraulis mordax.
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locales, sino solamente un punto de inflexién que
representa simultdneamente el agotamiento del vitelo y
el inicio del crecimiento acelerado los cuales, en tal
caso, quedan perfectamente sincronizados.

La identificacion de los eventos mencionados se
formaliza en base al célculo diferencial como sigue. Si
el modelo (1) presenta maximo y minimo locales se
debe tener que en tales puntos la derivada se anula, es
decir:

L't =15b+ 2ct + 3di* =0
Para que esta ecuacion de segundo grado tenga
soluciones reales es necesario que el discriminante sea
no-negativo, esto es:

¢? — 3bd =0

En tales casos las edades en que se alcanza un maximo
y un minimo en crecimiento estardn dadas por:

— ¢~V - 3bd

E| =
3d
—c+V* - 3bd
Ez =
3d
Si se tiene:

?—3bd<0yd #0
la curva tiene un punto de inflexién a la edad:

¢
3d

E= -

en el cual la derivada se anula.

APLICACION DEL MODELO

El modelo (1) se ajusta a datos de crecimiento diario
de larvas de la anchoveta E. mordax mantenidas en
diferentes combinaciones de alimentacién en con-
diciones controladas de laboratorio.

Como fuente de alimento se utilizaron espuma or-
ganica (MOP), el nanoflagelado Tetraselmis sp, y mi-
crozooplancton. Las concentraciones diarias de cada
elemento alimenticio fueron 150 ml de MOP, 50,000
cels./ml de Tetraselmis sp, y 2 orgs./ml de micro-
zooplancton.

A diario y hasta el final del experimento se ex-
trajeron al azar tres larvas vivas de cada tratamiento y
su réplica para determinar el crecimiento. Todos los
tratamientos fueron concluidos al duodécimo dia
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TABLA 1
Parametros del Modelo Polinomial y Duracién
del Experimento

Condiciones Pardmetros Duracién
de alimentacidén a b ¢ d (dfas)*
MOP-microzooplancton ~ 2.12 0.86 —0.13 0.007 12
MOP-Tetraselmis sp 1.86 1.26 —0.26 0.017 10
Tetraselmis sp-

microzooplancton 1.98 1.04 —0.16 0.009 12
Inanicién 0.84 1.88 —0.39 0.025 8

“Dias después de la eclosion

después de la eclosion de las larvas, con excepcion de
aquellos concluidos antes debido a la mortalidad total
de los organismos. Al final de cada tratamiento los
recipientes se vaciaron, se contaron y midieron todas
las larvas sobrevivientes cuando éstas eran menos que
diez; en caso contrario se midieron solo diez del total
de sobrevivientes.

La Tabla 1 presenta los pardmetros del modelo (1)
para cada tratamiento asi como su duracién que varid
desde ocho dias para condiciones de inanicion a doce
dias en los tratamientos con microzooplancton.

Los valores del punto de inflexion se muestran en la
Tabla 2 (para el caso en que no se presentan maximo ni
minimo de crecimiento) y las edades E, y E> a las que
ocurren el maximo y minimo local de crecimiento. El
periodo critico no aparecié en ninguno de los dos trata-
mientos que incluyen microzooplancton (Figura 2a y
2¢). El periodo critico durd 2.27 dias en el tratamiento
MOP-Tetraselmis sp (Figura 2b) y 2.81 dias en condi-
ciones de inanicion (Figura 2d); este tltimo tratamien-
to se inici6 ligeramente antes que el anterior.

Se concluye que cuando se presenta un periodo cri-
tico, éste se inicia alrededor del cuarto dia y termina
durante el sexto dfa, posterior a la eclosion para iniciar
el crecimiento acelerado. En forma similar, en los
casos en que no se observa evidencia de periodo cri-
tico, es a partir del sexto dia en que la larva estd en
condiciones de aprovechar el alimento disponsible e
iniciar el crecimiento vigoroso.

TABLA 2
Edades del Punto de Inflexion (Pl), Maximo Local (E,), y
Mmimo Local (E;) en el Crecimiento de Larvas
de Engraulis mordax

Pl E, E,
Condiciones de alimentacién (dias)
MOP-microzooplancton 6.19
MOP-Tetraselmis sp 3.96 6.23
Tetraselmis sp-microzooplancton 5.92
Inanicién 3.79 6.6
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Figura 2. Gréafica del modelo y diagrama de dispersion del crecimiento individual de larvas de Engraulis mordax, bajo diferentes condiciones de alimentacién.
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ABSTRACT

In early 1985, a recurrent anticyclonic eddy, nor-
mally located about 400 km southwest of Point Con-
ception, was displaced toward the offshore limit of the
northern anchovy spawning range in the Southern Cali-
fornia Bight. The anomalous location of the eddy, and
surface flow patterns associated with it were deter-
mined from hydrographic data and satellite imagery.
Productive surface waters of 14°-15°C, characteristic
of the preferred spawning habitat of northern anchovy,
were entrained from within the Southern California
Bight by the eddy. Eggs were found 150 km farther off-
shore than in 1980-84, because of a combination of
spawning habitat extension and advection. The eggs
and subsequent larvae were removed from the usual
larval feeding grounds within the bight. This extraordi-
nary displacement apparently had little or no effect on
recruitment in fall 1985.

RESUMEN

A principios de 1985, un vértice anticiclénico de
cardcter periédico, normalmente ubicado alrededor de
400 km al Sureste de Point Conception, fue desplazado
hacia el limite externo de la zona de desove de la
anchoveta nortefia en la Bahia del Sur de California. La
ubicacién anémala de este vortice, y los patrones de
circulacién superficial asociados con el mismo fueron
determinados por medio de informacién hidrografica e
iméagenes de satélite. Aguas superficiales productivas
con temperaturas de 14°-15°C, caracteristicas del
habitat de desove preferido de la anchoveta nortefia,
fueron atrapadas por el vortice desde el interior de la
Bah{a del Sur de California. Se encontraron huevos a
150 km, mar adentro, en relacion a aquellos colectados
en 1980-84, debido a una extensién del habitat combi-
nada con una adveccion de los productos de desove.
Estos huevos y las posteriores larvas fueron sacados de
las dreas de alimentacién larval normales en la bahia.
Este desplazamiento extraordinario de los productos de
desove tuvo, aparentemente, muy poco O ningln
efecto sobre el reclutamiento en el otofio de 1985.

INTRODUCTION
The Southern California Bight is the center of

{Manuscript received February 12, 1986.]
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spawning activity for many pelagic fishes, including
the large central stock of northern anchovy (Engraulis
mordax). The bight is a particularly favorable spawn-
ing habitat, with a semienclosed gyral pattern of geo-
strophic flow (the Southern California Eddy) over a
wide and topographically complex continental shelf; a
relatively stable density structure of near-surface
waters; and weak offshore Ekman transport and
turbulent mixing (Husby and Nelson 1982; Parrish et
al. 1983). The main axis of the California Current and
the persistent eddy field seaward of that axis are
normally farther from the coast along southern Cali-
fornia than they are to the north of Point Conception
(Figure 1). Peak anchovy spawning in February-April
coincides with the seasonal minimum of offshore
velocity in the surface mixed layer (Bakun 1985).
Thus, minimizing the offshore dispersion of eggs and
larvae from the coastal spawning habitat appears to be
an important component of the spawning strategy of
northern anchovy and other fishes in the Southern
California Bight (Parrish et al. 1981).

This generalization is based on mean patterns of
spawning activity and environmental variables. The
Southern California Bight, however, is part of the
highly variable California Current system, which is
dominated by low-frequency, interannual changes in
physical and biological factors (Chelton et al. 1982).
Much of this variability is caused by tropical El Nino
and mid-latitude warm events (Norton et al. 1985),
which have had demonstrated effects on northern an-
chovy spawning activity (Fiedler et al. 1986).

The anchovy is a multiple spawner, with each fe-
male producing several batches of eggs per year. Eggs
remain near the surface and hatch two to four days after
spawning. Some spawning activity is observed year-
round, but three-quarters of the yearly spawnings
occur in February-April (Parrish et al., in press).
Abundance and spatial distribution of anchovy eggs
have been measured on biomass surveys during peak
spawning months since 1980 (Figure 2. Stauffer and
Picquelle 1980, 1981'; Picquelle and Hewitt 1983,
1984; Hewitt 1985; Bindman 1986).

Substantial variations in egg distribution were
caused by the 1982-84 California El Nifo. In 1983 the

'Stauffer. G.D.. and S.J. Picquelle. 1981. The 1981 egg production estimates of
anchovy spawning biomass. Southwest Fisheries Center, unpublished report.



FIEDLER: OFFSHORE ENTRAINMENT OF ANCHOVY BY A DISPLACED EDDY

CalCOFI1 Rep., Vol. XXVILI. 1986

boundary normally formed by the ~14°C surface iso-
therm had shifted far to the north of Point Conception;
spawning range extended unusually far to the north, as
well as offshore in the region of the Channel Islands. In
1984 the cold-water boundary was present, but spawn-
ing range again extended somewhat farther offshore
than in 1980-82. On the 1980-84 surveys, eggs were
sampled as far as 250 to 280 km from shore in the cen-
tral region of the Southern California Bight (i.e., be-
tween CalCOFI lines 86.7 and 92).

The 1985 egg distribution was very unusual. First,
small but significant numbers of eggs were found in
cold (< 13°C) water to the north of Point Conception.
Then, large numbers of eggs began to be taken along
line 90. Sampling was extended offshore to station 80
on lines 91.7 to 95. Eggs were found up to 400 km off-
shore on these lines, 120-150 km beyond the farthest
offshore eggs in 1980-84.

The anomalous offshore extension of the 1985 egg
distribution would have important consequences for
the stock if these eggs, and the larvae hatched from
them, were irretrievably lost from inshore larval feed-

35°N

Figure 1. CZCS phytoplankton pig-
ment image, June 15, 1981, showing
a series of offshore eddies (E) in the
California Current region off Cali-
fornia. The recurrent eddy is the
second from the bottom, to the left of
Point Conception. Distance of eddies
from coast increases north to south,
from 100 to 400 km. Lighter shades
indicate higher pigment concen-
trations on a logarithmic scale, with
an additional enhancement to em-
phasize gradients.

ing grounds. What could have caused the peculiar egg
distribution pattern? Offshore Ekman transport (coas-
tal upwelling) is a primary mechanism of offshore
transport in eastern boundary current systems.
However, coastal upwelling off California is near its
seasonal minimum in February and does not produce
extensive coastal jets or plumes within the Southern
California Bight. Another mechanism is needed to ex-
plain the observations.

An anticyclonic eddy located about 400 km SW of
Point Conception is a recurrent component of the off-
shore eddy field of the California Current system;
January-April 1949-65 CalCOFI data indicate that its
mean postion is 32.1°N, 123.4°W, = 1.2° (Simpson et
al. in press). A sporadic, but not unusual, phenomenon
associated with this eddy has been noted: onshore dis-
placement may cause enhanced entrainment of cool
coastal water and its associated biological community
(Haury et al. in press). In this paper, 1 will exploit the
extensive, detailed, and repetitive coverage of the sea
surface by satellite-borne sensors to locate the eddy
and estimate surface flow associated with it. I wish to
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Figure 2. Surface isotherms (°C) and anchovy egg distributions on anchovy biomass cruises (CalCOF| 8003-4, 8102, 8202, 8302, 8403, and 8502). From Fiedler et al.

(1986).

thank Jim Simpson for pointing out the possible mani-
festation of the displaced eddy in the data from
CalCOFI cruise 8502.

METHODS

Satellite data were received, archived, and pro-
cessed at the Scripps Satellite Oceanography Facility.
Thermal infrared data from channel 4 (11 wm) of the
Advanced Very High Resolution Radiometer
(AHVRR) on the NOAA-7 and NOAA-9 satellites
were corrected for the effect of thin low clouds, when
necessary, using channel 2 (0.7-1.1 wm) near-infrared
data (Gower 1985). No further correction was imple-
mented for absorption of sea-surface radiance by
atmospheric water vapor. Although multichannel cor-
rection algorithms produce more accurate temperature
estimates, they do so at the cost of amplifying the noise
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in the sensor signal. Preserving small-scale patterns of
sea-surface temperature variability was considered a
higher priority for this study.

Visible radiance data from the Coastal Zone Color
Scanner (CZCS, Nimbus-7 satellite) were processed
using an algorithm based on Gordon et al. (1983) to
remove effects of Rayleigh and aerosol scattering and
to derive phytoplankton pigment concentrations from
corrected blue/green radiance ratios. Surface flow
patterns were derived by tracking movement of sub-
mesoscale features in sequential AVHRR images (Vas-
tano and Borders 1984).

RESULTS

In Figure 3, two AVHRR sea-surface temperature
images show mesoscale variability off southern Cali-
fornia in January 1984 and 1985. In both images, the
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gure 3. AVHRR sea-surface
temperature images from (A)
January 26, 1984 (1 = anticy-
clonic eddy, 2 = cold streamer,
3 = warm streamer, 4 = cold
streamer from coast, & =
secondary warm streamer)
and (B) January 1, 1985 (6 =
anticycionic eddy, 7 = cold
streamer from coast, 8 = cold-
water plume from Point Con-
ception). The asterisk (*) marks
the mean January-April loca-
tion of the recurrent eddy
(Simpson et al., in press).
Water temperatures range
from 10.5°C (light grey) to 17°C
(dark grey).
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coldest water (lighter grey shades) is along the coast to
the north of Point Conception. This is California Cur-
rent water augmented by seasonally weak coastal up-
welling. The cold surface water extends south of Point
Conception as a streamer or plume that separates from
the coast. This pattern is obscured by clouds in Figure
3a, but is clearly visible in Figure 3b, where warmer
nearshore water in the Southern California Bight can
also be seen. The warmest water in both images is
found to the south and offshore.

On January 26, 1984, a warm-water anticyclonic
eddy is clearly visible at 34.2°N, 126.4°W (Figure 3a).
This is 360 km northwest of the mean historical posi-
tion, at the extreme of the range observed by Simpson
et al. (in press). A well-defined cold streamer, with a
source outside the image to the north, is wrapped
around the inshore side of the eddy. A warm streamer
from an offshore, oceanic source is wrapped around
the offshore side of the eddy. The temperature of sur-
face water within the eddy is intermediate between
the temperatures of the surrounding warm and cold
streamers. A large cold streamer (~400 km long) ex-
tends from the coast north of Point Conception out
toward the eddy. Instead of becoming entrained by the
eddy, this streamer is deflected to the south around a
secondary warm streamer surrounding the inshore
edge of the eddy.
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35°N

Figure 4. AVHRR sea-surface temper-
ature image from February 21, 1985,
with surface current vectors (arrows)
derived from movements of sub-
mesoscale features visible on
February 21 and 24, 1985. Tempera-
tures range between 10° and 13.6°C.
Clouds and land are masked with

115°W black.

On January 1, 1985, a warm-water anticyclonic
eddy is at 33.8°N, 122.5°W-—370 km east of the
January 1984 eddy and 210 km northeast of the mean
position (Figure 3b). A cold streamer flowing along the
southern edge of the eddy is anchored on the coast in
the vicinity of Point Conception and can be traced
almost 500 km offshore. Some water from within the
Southern California Bight appears to be entrained in
this streamer.

On February 21, 1985, the eddy was located at
32.6°N, 122.5°W (Figure 4). It was then 130 km south
of its position on January 1 and 100 km east-northeast
of the mean postion. A surface velocity field derived
from the February 21 and 24 images is included in
Figure 4. Current vectors were more easily measured at
the edges of the eddy than in the cool coastal water
mass inshore of the eddy, because the submesoscale
features serving as tracers are most visible at strong
temperature gradients. Although cloud cover pre-
vented complete coverage of the eddy, and the dis-
cernable flow pattern is complex, anticyclonic rotation
is apparent on the northern and inshore edges, where
velocities are 7-15 cm/sec, dominated by an offshore
component of 7-10 cm/sec.

Figure 5 is a Coastal Zone Color Scanner image
showing that the cool coastal water being entrained
offshore by the eddy was relatively rich in phytoplank-
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Figure 5. CZCS phytoplankton pigment image from February 28, 1985. Pigment concentrations range between 0.12 and 4.7 mg/m?® (dark to light). Clouds and land are
masked with black. Relative abundance of anchovy eggs in vertical egg tows (CALVET) on CalCOF! cruise 8502, R/V David Starr Jordan, January 28-March 8,
1985.
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Figure 6. Dynamic height and geo-
strophic flow at the surface: January
1950-78 mean (Lynn et al. 1982) and

~ CalCOFI cruise 8502, February 19-
March 5, 1985 (Scripps Institution of
QOceanography 1985). + = mean

| postion of recurrent anticyclonic

-~ 30°

1200

ton pigment. The offshore extension of anchovy eggs
is contained in this cool, rich surface water. Note,
however, that there are few eggs in the even colder and
richer water to the north toward Point Conception.

DISCUSSION

In the mean January hydrography, this recurrent
anticyclonic eddy appears as a local elevation in dy-
namic height within a geostrophic current meander
(Figure 6), and as local depressions of isopycnal sur-
faces (sigma-t=25.0 in the top of the thermocline at
~80 m; sigma-t=25.8 at ~140 m; and sigma-t=26.6
at ~280 m; Lynn et al. 1982). Dynamic topography at
the sea surface in February 1985 shows an unusual pat-
tern of meanders centered at 32°N, 122°W (Figure 6).
The local high, and the direction of flow on three sides
of it suggest that the eddy was embedded within this
pattern. The revised CalCOF! grid, with no offshore
sampling between lines 80 and 90, unfortunately
missed the center of this eddy. However, the data show
the enhanced entrainment of coastal water expected
from such a displacement: the direction of surface flow
at coastal stations along CalCOFI lines 90 and 93, in-
shore of the eddy, was more offshore than the long-
term mean. The observed egg distribution is consistent
with entrainment in anomalously strong offshore flow
associated with the displaced eddy: the offshore exten-
sion of anchovy eggs is within the region of anomalous
oftshore flow.

Power (in press) analyzed larval anchovy drift from
the spawning center in the Southern California Bight.
His 30-day simulation model of advection-diffusion
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eddy (Simpson et al., in press).

incorporated mean seasonal geostrophic currents and
Ekman transport and a constant eddy diffusivity. In
March, most larvae move inshore from the points
where they were spawned. Monthly mean offshore
Ekman velocities in the bight range between .05 and
2.0 cm/sec, assuming negligible Ekman transport
below 50 m (Husby and Nelson 1982). Power found
that significant seaward transport of larvae occurred
only if Ekman velocities were increased to three times
the long-term mean, or up to 6 cm/sec.

During an intensive study in January 1981, the anti-
cyclonic eddy was located at 32.4°N, 124°W and was
found to be entraining both cold coastal waters and
warm oceanic waters into its surface and near-surface
layers. In this “normal” case, the source of the coastal
waters was north of Point Conception (Simpson et al.
1984). Satellite imagery shows that this eddy was dis-
placed 100-200 km inshore of the normal position in
January and February 1985. Surface waters from
within the Southern California Bight were entrained
toward the eddy. Apparent offshore velocities were up
to 10 cm/sec, or five times greater than normal mean
offshore Ekman velocities.

Eggs that hatch in three days could move only 30 km
at this speed. Therefore, anomalous advection of eggs
cannot entirely explain the 150 km offshore extension.
Spawning must have been taking place offshore of the
normal range. Ken Mais provides maps of major con-
centrations of adult anchovies in the central stock from
February acoustic and midwater trawl surveys of the
central stock (California Department of Fish and Game
Cruise Reports 80-A-1, 81-X-1, 82-X-1, 83-X-1, 84-
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X-1, and 85-X-1). These maps show a maximum off-
shore extent of anchovies of 230 km in 1985, compared
with 80-190 km (mean = 142 km) in 1980-84. Mais
reported that the 1985 distribution was more offshore
and southward than in any previous survey, and that
“the bulk of the population was located in an arc of 80
miles west to south, and 30 miles east to south of San
Clemente Island.” This distribution encompasses the
region of anomalous offshore flow illustrated in Fig-
ure 6.

Adult spawners in winter 1985 moved offshore
within the cool coastal water mass being entrained by
the displaced eddy. The eggs spawned by these fish
were advected for a short distance by this offshore
flow. We can assume that offshore advection con-
tinued as the eggs hatched and larvae developed. Ulti-
mately, the larvae may have been trapped in the surface
convergence within the eddy or spun off to the south
and offshore. A few larvae were found offshore in the
vicinity of the eddy in March 1985 (out to station 100
on line 87; Figure 7). Unfortunately, no sampling was
done south of the U.S.-Mexico border.

Available evidence indicates that the displacement
of spawning habitat and products had little, if any,

The location of the eddy on February
21, 1985, is indicated schematically.

effect on recruitment of the 1985 anchovy year class.
Central stock spawning biomass in February 1985 was
about average for the post-1979 period (Bindman
1986). A September California Department of Fish and
Game anchovy recruitment survey north of the U.S.-
Mexico border found evidence of a relatively weak
1985 year class: mean catch rate of juveniles ranked
seventh among nine surveys conducted since 1976
(K. F. Mais, California Department of Fish and Game
Cruise Report 85-X-14). A limited trawl survey in
February-March 1986 again found a relatively smal}
proportion of 1985 year-class fish (K. F. Mais, Cali-
fornia Department of Fish and Game Cruise Report 86-
X-4). However, the year class appeared relatively
strong in the Ensenada fishery south of the border in
fall 1985 (R. Methot, Southwest Fisheries Center,
pers. comm.).

The best estimate as of April 1986 is that the 1985
year class is neither stronger nor weaker than expected
from the 1985 spawning stock. Two major environ-
mental perturbations in recent years—the 1982-84
California El Nific and the displaced offshore eddy in
1985—have caused observable changes in central
stock spawning activity without a resultant effect on
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stock size. The northern anchovy seems to be resistant
to such perturbations, perhaps because of compensa-
tory responses in the juvenile stage that we are only
beginning to sample adequately.
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ABSTRACT

A series of laboratory feeding experiments was con-
ducted with larvae of the northern anchovy, Engraulis
mordax, at 10, 20, 30, and 40 mm SL. The larvae were
fed wild zooplankton in high (100 prey/liter) and low
(10 prey/liter) concentrations. The 10-mm larvae con-
sumed primarily rotifers, probably because of their
past feeding history. The 20-40-mm larvae tended to
select large copepods at high concentrations, and me-
dium and large copepods at low concentrations. The
ability of late larvae to select the largest prey available
is similar to the foraging behavior of adult anchovies
reported by previous workers. The foraging of 40-mm
larvae was probably restricted by the size of the experi-
mental tanks.

Feeding rates as a function of larval size and prey
concentration were estimated and compared to a con-
servative estimate of basal metabolic costs. Only 20-
and 30-mm larvae feeding at 100 prey/liter consumed
enough food to grow at rates similar to those observed
in the sea, which indicates that even late larvae require
somewhat concentrated patches of food.

RESUMEN

Una serie de experimentos de alimentacién en
laboratorio se llevd a cabo con larvas de anchoveta del
norte, Engraulis mordax, de 10, 20, 30, y 40 mm
(largo estdndar). Las larvas fueron alimentadas con
concentraciones altas (100 presas/litro) y bajas (10
presas/litro) de zooplancton silvestre. Las larvas de 10
mm consumieron principalmente rotiferos, probable-
mente debido a su historial de alimentacidn previo.
Las larvas de 20 a 40 mm LS seleccionaron principal-
mente copépodos grandes a altas concentraciones, y
copépodos medianos y grandes a concentraciones
bajas. La habilidad de las larvas maduras para escoger
las presas disponibles mds grandes es similar al
comportamiento depredador de las anchovetas adultas
de acuerdo a lo informado por otros investigadores. La
predacion de las larvas de 40 mm probablemente fue
restringida por el tamaio del tanque experimental.

Las tasas de alimentacién fueron calculadas como
funcién del tamano larvario y de la concentracién de
presas y fueron comparadas con una estimacion de los

[Manuscript received February 14, 1986.]

costos en metabolismo basal. Solo las larvas de 20 a 30
mm, quienes consumieron 100 presas por litro, se
alimentaron lo suficiente como para crecer a tasas
similares a las observadas en el mar. Esto indica que in-
cluso las larvas maduras requieren la presencia de sus
presas concentradas en “manchas.”

INTRODUCTION

In order to understand the factors affecting recruit-
ment and year-class strength, scientists have done
much research on the early life history of the northern
anchovy, Engraulis mordax Girard. The rationale be-
hind this work has been that year-class strength may be
determined by the growth and mortality rates of larvae
in the first month of life (5-15 mm SL), especially dur-
ing the transition from the yolk-sac stage to planktivor-
ous feeding (Lasker 1975). However, correlation of the
densities of early larvae (less than 15 mm SL) with the
strength of the subsequent year class has shown that
only exceptionally small recruitment can be predicted,
not medium or large recruitment (Smith 1981). Smith
and Lasker (1978) note that an increase of an order of
magnitude occurred in the anchovy population be-
tween 1951 and 1969, while the annual average daily
production of 20-day-old larvae remained relatively
constant. From this observation it is apparent that
variations in survival during the late larval phase (20-
35 mm SL, ca. 1-3 months old) are also important in
determining recruitment (Smith 1985). The late larval
and juvenile stages are presently the least understood
phases of E. mordax.

Feeding and growth characteristics of northern an-
chovy show gradual changes from early to late larval
stages. Northern anchovy larvae of all sizes feed by
visually mediated biting (Blaxter and Hunter 1982).
Filter feeding begins only after metamorphosis (35-40
mm SL). As a larva grows, it requires more food of a
larger size to maintain a given rate of growth. Howev-
er, there seems to be no further increase in food size af-
ter larvae reach about 12 mm SL, even though the
mouth width, and therefore the size of particles in-
gestible, continues to increase (Hunter 1981). In the
field, there are far more food particles of the size taken
by first-feeding larvae (50-100 wm) than there are of
larger particles needed by older larvae (ca. 200 m and
larger) (Arthur 1977; Hunter 1981). The maximum
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naupliar biomass in waters of the California Current
occurs at a naupliar width of about 70 wm (Arthur
1977). Measurements of the standing stocks of pelagic
organisms indicate that there is approximately equal
biomass over logarithmically equal size ranges (Shel-
don et al. 1977); in other words, the number of organ-
isms decreases exponentially as size of organisms
increases linearly (Vlymen 1977).

Jack mackerel larvae inhabiting the same general en-
vironment as the anchovy are able to secure increasing-
ly larger food particles as they grow (Arthur 1976).
This suggests that factors other than mouth size, such
as the relatively slow swimming speed of engrauliid
larvae, may limit the size of food captured by
E. mordax (Hunter 1981). Late larvae are thought to
continue to feed on smaller prey and to take larger
copepods when available, although this apparently has
not been examined in either field-caught or laboratory-
reared larvae larger than 20 mm SL (Arthur 1976;
Hunter 1981).

Methot (1981) reports that late larvae grow at a
slower rate (0.30-0.35 mmv/day) than early larvae
(0.47-0.70 mmv/day) or early juveniles (0.40-0.60 mm/
day). The ratio between weight and length seems
similar during all stages (Methot 1981); therefore, the
reason for slower length-specific growth during the
late larval stage may lie in feeding ecology, energetic
requirements, and assimilation efficiency. Methot
(1981) suggests that the decline in growth through the
late larval period may be due to the inability of larvae to
find and capture large particles.

Here I present the results of laboratory experiments
conducted with E. mordax larvae fed wild zooplankton
to determine how prey-size selectivity and feeding
rates differ between larvae of various sizes that are
feeding on different densities of prey. The results are
used to infer whether larvae can obtain enough food at
the experimental prey concentrations to meet metabol-
ic and growth requirements.

METHODS

Larvae of Engraulis mordax were reared from eggs
at 18°C in the laboratory at the Southwest Fisheries
Center, La Jolla, California, using the methods
presented by Hunter (1976). Larvae were fed the dino-
flagellate Gymnodinium splendens, the rotifer
Brachionus plicatilis, and the harpacticoid copepod
Tigriopus californicus, all reared in the laboratory.

Wild zooplankton for the feeding experiments was
collected in Mission Bay from October 25, 1984, to
February 21, 1985. Collections were made from a
skiff, with 0.5-m ring nets of 64-pm and 333-wm ny-
lon mesh. The nets were fitted with solid cod ends. The
two nets were towed sequentially for 5 minutes each at
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approximately 1 m/sec, and the catches from six sets of
tows were combined. The most abundant organisms
collected were calanoid copepods of the genus Acartia.
Also common were the cyclopoid copepods Corycaeus
spp. and Oithona spp., and the harpacticoid copepod
Euterpina acutifrons. Gastropod veligers and rotifers
were occasionally abundant.

Experimental Design

The experimental design was orthogonal, with two
main factors—larval length (10, 20, 30, and 40 mm
SL) and prey concentration (10/liter and 100/liter). The
larval lengths were chosen to cover the entire larval life
in this species. The prey concentrations were chosen to
approximate high and low average densities of micro-
zooplankton prey sampled in areas inhabited by ancho-
vy larvae in the California Current (Arthur 1977). Each
combination of factors and levels was replicated twice.
Only two tanks were available for experiments; there-
fore, experiments with the two prey concentrations
were done simultaneously for a particular size of fish.
The size-composition of wild plankton varied between
experiments because of natural variations in the plank-
ton collections. The order of experiments was random-
ized so that any seasonal change in plankton composi-
tion was interspersed among sizes of larvae.

Experimental Procedure

One to three days before an experiment, I transferred
20-30 reared larvae to each experimental tank. The ex-
perimental tanks were as similar as possible to the
rearing tanks in construction (400-liter, 1.2-m-
diameter, black fiberglass), aeration, lighting, and
temperature. Larvae were starved and acclimated for 1-
3 days, depending on size, until guts were empty and
behavior seemed normal.

Fresh plankton was collected each morning (0800-
1200 hrs), and experiments were conducted in the af-
ternoon (1400-1800 hrs). Immediately before the ex-
periment, I stopped the aeration. I then added the
appropriate amount of plankton to create the target
concentration. To determine the actual concentration
and distribution of prey in each tank, I took samples
with plexiglas tubes (7-cm diameter) lowered onto
rubber stoppers that had been placed on the bottom
before I added plankton. Sample volume ranged from
500-750 ml, depending on the volume of water in the
tank. I preserved five replicate samples in 5% buffered
Formalin for later enumeration. I used size-frequency
data from samples in the high-density tank (100/liter)
to determine size-frequency in the low-density tank
(10/liter). Pilot studies indicated a coefficient of varia-
tion between replicate samples of 8%-74%.
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I measured swimming speed for two 10-minute
periods before and after plankton was added. To mea-
sure the speed, I randomly selected an individual fish,
and then, with the aid of 1-cm and 3-cm grid patterns
on the bottom of the tank, estimated the distance the
fish traveled in 2 seconds. The number of fish observed
in 10 minutes ranged from 35 to 142. I converted
speeds into body lengths/sec, using the mean standard
length of the fish in each tank.

I terminated the experiments after 30-60 minutes by
anesthetizing all fish with MS,,,. at a concentration of
0.1 g/l. This was done to prevent the larvae from def-
ecating or regurgitating their gut contents during han-
dling (June and Carlson 1971). After 10 minutes, I
collected fish with a dip net as quickly as possible, and
preserved them in 10% buffered Formalin for later
measurement and enumeration of gut contents. Dura-
tion of the experiments was assumed to be less than the
time required for larvae to fill their guts at the experi-
mental prey concentrations or to defecate prey ingested
during the experiment (G. Theilacker, pers. comm.).

Laboratory Analyses

All prey items were identified in three categories:
nauplii, copepods (including copepodites and adult
copepods), and others. I measured items across the
maximum width, excluding appendages. Initially 1
grouped the measurements into 50-m size categories,
and later regrouped them into five categories for data
analysis: nauplii (< 150 pm wide), small copepods (<
100 pm wide), medium copepods (100-300 pm wide),
large copepods (> 300 pm wide), and others (predo-
minantly rotifers < 200 um; also gastropod and bi-
valve veligers).

Plankton samples were stained with Biebrich scar-
let, and counted in either a settling chamber with an
inverted microscope at 50-100X, or a Plexiglas
counting dish under a dissecting microscope at 25-
50x. In the settling chamber, some plankters were
found in the supernatant after the settling period of 12-
15 hr. I estimated the percentage of error (i.e., the
proportion of plankters not settling completely) from
20 samples; it averaged 15.1% for nauplii and
copepods. There was no significant size-bias in the er-
ror factor. All counts made with settling columns were
subsequently corrected.

I examined the guts of ten larvae from each experi-
ment (except for one experiment with 10-mm larvae,
when only eight larvae were available). I measured the
fish (SL), and dissected the guts in glycerin. I teased
out the gut contents with fine needles, and stained them
with Chlorazol Black E in lactic acid and ethyl alcohol
(Judkins and Fleminger 1972). All prey items were
counted and measured under a compound microscope.

I determined the live length of each fish by using the
shrinkage correction factors of Theilacker (1980) for
10 min of net treatment followed by preservation in
10% Formalin. Shrinkage rates due to MS,,, and net
treatment were similar. For 10-mm larvae, the
shrinkage from 10 min in 0.1 g/l MS,,, followed by
Formalin preservation was 13.1% (n = 20), compared
t0 15% from 10 min of net treatment followed by Form-
alin preservation (Theilacker 1980).

Gut contents and plankton data were converted from
numbers of prey to dry weight, taking into account the
size-frequency of prey by 50-um width classes before
the data were combined into the five larger prey classes
for analysis. The width-specific volumes of copepods
and nauplii were calculated from ocular micrometer
measurements of the length, width, and depth, assum-
ing nauplii to be ellipsoids, and copepods to be ellip-
soids (cephalothorax) plus cylinders (abdomen). I
determined volume-to-width relationships for nauplii
[In volume = —14.20 + 3.08 (In width), * = 0.902,
n = 42] and copepods [1n volume = —13.56 + 3.02
(In width, r*> = 0.993, n = 75]. The width-specific dry
weight of fresh, mixed-species copepod samples was
determined following the methods of Theilacker and
Kimball (1984). I rinsed samples with isotonic am-
monium formate solution (3.4%), sorted them into 50-
pm size classes, and dried them overnight on glass
slides at 60°C. I prepared 14 slides, each containing
from 3 to 95 individuals, depending on the size of
copepods. Following drying, samples were removed
from the slides and weighed on a Cahn electrobalance.
I determined the dry-weight-to-volume relationship by
linear regression with intercept set equal to O [dry
weight = 0.19 (volume), p < .001, n = 14], and used
the relationship to calculate dry weights of nauplii and
copepods from their volume. The dry weight used for
the prey category “others” was the average for rotifers
< 200 pm wide (0.30 pg) given by Theilacker and
Kimball (1984).

Data Analyses

Prey-size selectivity was determined using the alpha
index (a) (Chesson 1978). I chose this index because it
allows comparisons of selectivity between exper-
iments with different prey compositions (Chesson
1983), and also because it is possible to test the appar-
ent selectivity against a random model (Manly 1974).
The index is calculated as:

ripi
m  rip;

i=1
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where m = number of prey types = 5
r; = proportion of prey type i consumed
p: = proportion of prey type i available.

p; was assumed to be constant for the duration of
each experiment; i.e., the initial prey concentration
was assumed to be not significantly depleted by larvae
feeding during the experiment. r; was determined from
gut content analyses.

I calculated the alpha index for each of the five prey
categories, for each larva that fed during experiments.
The values so obtained were not suitable for parametric
statistical analyses, because the variances remained
heterogeneous after arc sine transformation. There-
fore, I examined the median values and the quartiles
above and below the median. The observed values are
compared with the value expected if feeding was ran-
dom on all categories of prey (a = 1/m = 0.20).

In order to compare feeding rates between sizes of
larvae at the target concentrations, [ fitted feeding-rate
data for each 10-mm size class of larvae to a log-linear
multiple regression model:

In(rate + 1) = In(a) + b, (SL) + b, (concentration)

I backtransformed the resulting estimates, taking into
account the variance of the regression, and calculated
95% confidence limits (Beauchamp and Olson 1973).

I calculated the metabolic and growth requirements
using the following values and assumptions:

1. Larvae fed at the estimated mean feeding rates
throughout a 12-hr feeding day.

2. Daily minimum metabolic requirement (24 hr)
was calculated from the following model presented by
Theilacker' for anchovy larvae at 15.5°-16°C:

Q = 4.269 WO

where Q = metabolic rate in pl O,/day
W = fresh dry weight in mg

and converted to pg prey material using the following
factors: 0.00463 cal/ul O, and 4.9 X 1073 cal/ng, for
copepod prey (Theilacker and Kimball 1984).

3. Assimilation efficiency was 70% for larvae of all
sizes, a rough extrapolation from Theilacker’s results.?

4. Weight-specific growth rates of larvae in the sea
were taken from Methot (1981). The surface tempera-
tures reported in that study (generally representative of
anchovy spawning areas) ranged from 13° to 19°C,
with the mode at approximately 15°-16°C.

'Theilacker, G.H. MS. Feeding ecology and growth energetics of larval northern
anchovy, Engraulis mordax.

2Ibid.
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5. Fresh dry weights were calculated from the for-
mula in Hunter (1976) for 10-30-mm larvae, and from
unpublished data of Hunter for 40-mm larvae.

RESULTS AND DISCUSSION

The target and actual larval lengths and prey con-
centrations are given in Table 1, along with the feeding
incidence (% of larvae with one or more prey in gut).
Because 10-mm larvae did not feed at 10 prey/liter, 1
tested them at 100 and 1000 prey/liter. Feeding inci-
dence tended to increase with both larval length and
prey concentration; similar results have been reported
for other species of fish larvae (Houde and Schekter
1980).

Swimming Activity

The mean swimming speed, measured as body
lengths/sec (bl/s), in each experiment is shown in Table
2, along with t-tests of the equality of means before
feeding (after 1-3 days of food deprivation) and during
feeding. For 10-mm larvae, mean speed was always
less than 1 bl/s, and showed no changes with the addi-
tion of food. My results contrast with those of a
previous study in which anchovy larvae from 4-8 days
old (< 6 mm SL) swam slower when inside a dense
patch of food cells (up to 260 cells/ml) than when out-
side such a patch (Hunter and Thomas 1974). The dit-
ference in these results could be because the “patches”
created by adding food in my experiments were 3 to 4
orders of magnitude less dense than those used by
Hunter and Thomas.

For 20-40-mm larvae, mean swimming speed
ranged from 0.6 to 3.3 bl/s and tended to increase dur-
ing feeding (9 of 11 t-tests with p < .10). However,
there was no difference in the relative increase in speed
during feeding between high and low prey con-
centrations; i.e., larvae did not swim faster while feed-
ing on high prey concentrations (Table 2).

Prey Selectivity

The mean proportion of various prey types con-
sumed by various sizes of larvae at high and low con-
centrations is compared to the mean available size
composition in Figure 1. The 10-mm larvae consumed
primarily rotifers (the “others” category), although
they consumed some nauplii and copepods at 1000
prey/liter. The 20-40-mm larvae tended to consume a
higher proportion of nauplii at low concentrations than
at high concentrations, and higher proportions of
medium and large copepods at high concentrations
than at low concentrations. Medium copepods (100-
300 wm wide) formed the largest proportion (50%-
80%) of prey consumed, both by numbers and by
weight for 20-40-mm larvae at both concentrations.



SCHMITT: SELECTIVITY AND FEEDING OF NORTHERN ANCHOVY LARVAE

CalCOFI Rep., Vol. XXVII, 1986

TABLE 1
Comparison of Target Values for Standard Length of Northern Anchovy Larvae and
Prey Concentrations with the Mean Values for Two Experiments

Target Actual
Feeding
SL Conc. SL Conc. Conc. incidence
(mm) (no./liter) (mm) (no./liter) (ng./liter) (%)

10 100 10.2 278.1 148.1 77.8
(1.8) (61.0) (25.5)

1,000 1,173.0 969.2 72.2
(148.8) (53.6)

20 10 22.2 36.9 23.6 50.0
2.2) (16.4) (13.2)

100 92.2 64.6 95.0
(19.8) (10.5)

30 10 28.4 19.5 9.0 85.0
3.0) 9.5) 3.7

100 127.3 92.9 100.0
(18.7) (42.7)

40 10 43.0 10.2 7.9 100.0
(5.0) (0.4) (4.3)

100 166.0 264.9 100.0
(58.5) (165.9)

Standard deviation is shown in parentheses below mean values.

TABLE 2
Mean Swimming Speed (Body Lengths/Sec) of
Northern Anchovy Larvae Before and During
Feeding Experiments, and Results of
t-Tests of the Equality of Means

Swimming speed (body lengths/sec)

SL Prey
(mm) conc. Before During t P
10 Low 0.8 (0.3) 0.8 (0.3) 0 ns
High 0.8 (0.3) 0.7 (0.3) .5 >.10
High 0.5 (0.4) 0.5 0.4 0 ns
Low 0.7 (0.4) 0.7 (0.9) 0 ns
20 Low 0.6 (0.4) 18 (1.2) —-10.2 <.001
High 1.3 (1.2) 2.0 (0.9) —-52 <.001
Low 1.2 (0.6) 2.3 (1.1) -6.9 <.001
High 1.5 (1.2) 1.9 (1.1) -1.9 <.10
30 Low 2.6 (1.2) 3.0 (1.9 —-1.8 <.10
High 3.3 (0.9 2.2 (0.7) 8.7 <.001
Low 2.3 (1.1) 2.1 (0.8) -1.2 >.20
High 1.3 (0.6) 1.6 (0.6) -2.9 <.001
40 Low 1.4 (0.8) 1.6 (0.6) -1.8 <.10
High 1.2 (0.5) 1.9 (0.5) -9.1 <.001
High 1.0 (0.4 2.7 (0.6) —18.2 <.001

Standard deviation is shown in parentheses after each mean. The
number of observations for each mean ranged from 35 to 142.

The alpha indexes of selectivity are presented in
Figure 2, and compared to the random feeding value of
0.20. The 10-mm larvae were highly selective for
rotifers. This could have been influenced by two fac-
tors. First, there was a large proportion of rotifers in the
tank during the experiment. The rotifers came both
from the plankton used for the experiment (collected
by chance during a rotifer bloom) and from the rearing
tanks when the fish were transferred. Before the ex-
periments began, I attempted to remove the transferred
rotifers using an air-lift pump, but was not entirely
successful. The second factor was the larvae’s lack of
experience with wild zooplankton as food. The 10-mm
larvae were accustomed to eating cultured rotifers, and
may have been unable to adjust to wild plankton in the
time allowed by the experiment. However, in the field,
anchovy larvae select prey smaller than the largest they
are capable of ingesting (Arthur 1976). In the labora-
tory, herring larvae (12-19 mm SL) selected wild
zooplankton narrower than the widest available and in-
gestible during feeding experiments, even though they
were accustomed to wild zooplankton as food during
rearing (Checkley 1982). The fact that 10-mm ancho-
vies ate more medium copepods at 1000/liter than at
100/liter suggests that they were better able to capture
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Figure 1. Comparisons of the proportions of various prey types consumed
versus the proportions available to northern anchovy larvae of 10, 20, 30, and
40 mm SL, feeding at high and low prey concentrations. Mean values for two
experiments are indicated by bars, with 1 standard deviation shown by a line
above each bar. Prey types are abbreviated as fotlows: N, nauplii < 150 um
wide; SC, small copepods < 100 nm wide; MC, medium copepods 100-300
wm wide; LC, large copepods > 300 um wide; and O, others (mainly rotifers
< 200 pm wide, and gastropod and bivalve veligers).
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Figure 2. Values of the alpha index of selectivity for each prey type, size of
northern anchovy farvae, and prey concentration. The median value from two
experiments (number of fish = 20) is shown by the square symbol, with the
quartiles above and below the median indicated by the vertical dashed lines.
The random feeding value (@ = 0.20) is shown by the horizontal dashed line
on each graph. The prey types are abbreviated as in Figure 1.

larger prey at high density, regardless of previous ex-
perience. The larger larvae (20-40 mm) had all been
previously exposed to wild plankton as an occasional
food source in the rearing tanks.

The 20-40-mm larvae tended to select large cope-
pods at high concentrations, and to select medium and
large copepods at low concentrations. There is obvi-
ously much individual variation in selectivity. No clear
pattern of difference in selectivity or size composition
of prey consumed appears to exist between 20-, 30-,
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and 40-mm larvae; all tended to select the largest prey
available. Adult northern anchovy in the Southern
California Bight showed similar selectivity for the
largest prey available while feeding in schools on a
variety of plankton assemblages of prey genera and
sizes overlapping those used here (Koslow 1981).

There was some indication that the 20-40-mm larvae
may have significantly reduced the concentration of
larger prey during some experiments, but this deple-
tion was not quantified. Such a violation of the assump-
tion of constant p; would tend to make the alpha values
presented here an underestimation of the actual degree
of selectivity (Chesson 1978, 1983; Manly 1974).

Feeding Rates

Estimated feeding rates (Figure 3), given both as
numbers per minute and as dry weight per minute,
were calculated from multiple regression equations
describing feeding rate as a function of larval size and
prey concentration for each 10-mm size class (Table 3).
Feeding rate was higher at 100/liter than at 10/liter for
all sizes of larvae. At 100 prey/liter, 40-mm larvae con-
sumed 1.5-2 times more items than did 20- and 30-mm
larvae. However, in terms of dry weight of prey con-
sumed/min, 40-mm larvae consumed less than did 30-
mm larvae, indicating that 40-mm larvae ate more
small prey than did 30-mm larvae. This may be be-
cause the experimental tank was small relative to the
searching abilities of 40-mm larvae, and because 40-
mm larvae apparently depleted the tank of large cope-
pods during the experiment.

Metabolic and Growth Requirements

The results of the calculations of food consumed and
metabolic costs are presented in Table 4. For all sizes of
larvae at all concentrations (except 20-mm larvae at 10/
liter), larvae ingested enough food to meet their basal
metabolic needs. However, the consumption rates used
here are probably somewhat high for two reasons: (1)
feeding rates were measured during the first 30-60
minutes of feeding after a period of starvation, and
were thus higher than an average 12-hour rate (Hun-
ter 1972); and (2) feeding rates were measured at
18°C, whereas minimum metabolic requirements
and field growth rates are more representative of larvae
at 15°-16°C.

Nevertheless, estimated growth rates as a percentage
of body weight are compared with the weight-specific
growth rates of field-caught larvae (Methot 1981) to
determine if larvae could grow at observed rates at the
prey concentrations tested (Table 4). Neither 10-mm
nor 40-mm larvae could grow at field growth rates at
any of the food concentrations tested, but I do not be-
lieve the results for these two size classes are reliable.

100 prey/liter

10 prey/liter

FEEDING RATE (number/minute)

0 10 20 30 40

ol 10 pg/liter

FEEDING RATE (pg/minute)

) 10 20 30 40
SL (mm)

Figure 3. Estimated feeding rates of northern anchovy larvae of various sizes
at two standardized prey concentrations. Rates are expressed as numbers of
prey per minute and as weight of prey consumed per minute. The 95% con-
fidence limits are indicated by vertical lines through each estimate.

The feeding of 10-mm larvae was probably not typical,
because prior feeding was only on rotifers. Foraging of
40-mm larvae was probably affected by tank size.
According to the estimates, the 20- and 30-mm lar-
vae would consume enough food to grow at observed
rates at prey concentrations of 100/liter, but not at 10/
liter. Thus, even late larvae (20-30 mm), which are
able to select large prey, may require somewhat con-
centrated patches of food. On the other hand, 100 prey/
liter is substantially lower than estimated food densi-
ties required for survival and growth in past studies
(Hunter 1981), and is in keeping with the more recent
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TABLE 3
Parameters for Multiple Linear Regression Equations* Describing Feeding Rate (In rate + 1) in Relation to
Larval Length (x,) and Prey Concentration (x,) for Northern Anchovy Larvae

Numbers of prey per minute

SL (Standard (Standard
(mm) b, error) b, error) Ina mult. r? F p
10 —-0.006 (0.012) —0.7E-4 (0.5E-4) 0.243 0.107 1.97 0.16
20 0.025 (0.032) 0.013 (0.002) -0.815 0.472 16.53 0.00
30 -0.015 (0.022) 0.008 (0.001) 0.491 0.556 23.18 0.00
40 -0.014 (0.017) 0.010 (0.001) 0.900 0.749 55.30 0.00
20-40 0.016 (0.005) 0.010 (0.001) -0.463 0.666 116.64 0.00
Weight of prey per minute
10 —0.002 (0.004) —0.2E-4 (0.2E-4) 0.076 0.067 1.18 0.32
20 0.130 (0.041) 0.022 (0.004) —-3.032 0.557 23.25 0.00
30 0.052 (0.035) 0.014 (0.002) -1.040 0.546 22.28 0.00
40 —-0.037 (0.026) 0.007 (0.001) 2.282 0.664 36.62 0.00
20-40 0.002 (0.008) 0.008 (0.001) 0.556 0.528 65.31 0.00

*Model: In (rate + 1) = Ina + bx; + byx

literature for larvae in general (Houde and Schekter
1980; Munk and Kiorboe 1985).

The prey concentrations used here were chosen to
approximate high and low densities of prey suitable for
E. mordax larvae in the field. Arthur (1977) states that
the usual densities in areas where most anchovy larvae
are found are about 1.5-4 copepodids/liter and about
13-30 nauplii/liter. The highest concentrations he
reported from several studies in California Current
waters were 36 copepodids/liter and 195 nauplii/liter.
There are many difficulties in estimating field con-
centrations of appropriate-size prey on spatial scales
relevant to larvae, especially because both prey sizes
and foraging ranges change as larvae grow. Such

estimates involve significant problems in sampling and
data interpretation, since no single type of zooplankton
gear adequately samples the entire size range of prey at
one time and place, and different types of gear in-
tegrate densities over different scales—e.g., water
bottles on a scale of decimeters (Owen 1981), pumps
and nets over meters to kilometers (Beers and Stewart
1967; Arthur 1977). The prey distribution used in my
experiments was skewed toward larger prey, with most
experiments offering about 40% copepodids and adult
copepods (range 30%-60%). This is about four times
as many copepodids as larvac would normally
encounter in the wild (Arthur 1977; Sheldon et al.
1977).

TABLE 4
Bioenergetic Estimates for Engraulis mordax Larvae Feeding at Two Prey Concentrations,
Calculated for a 24-hr Period, with a 12-hr Feeding Period

Dry Metabolic Prey Growth Growth Field
SL weight requir. conc. Consump. potential* body wt. growth
(mm) (mg) (ng) (ng/l) (1) (ng) (%) (%)
10 0.316 1.808 100 43.2 28.4 9.0
15-20
1,000 28.8 18.4 5.8
20 4.185 10.941 10 0 — —
8-9
100 4,183.2 2,917.3 69.7
30 31.930 45.102 10 1,015.2 665.5 2.1
5-6
100 5,400.0 3,734.9 11.7
40 105.82 103.95 10 1,641.6 1,045.2 1.0
3-4
100 3,715.2 2,496.7 2.4

*calculated as consumption X assimilation efficiency — metabolic requirement.
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In conclusion, these experiments indicate that feed-
ing ability of northern anchovy larvae changes most
dramatically between 10 and 20 mm SL. By 20 mm,
the larvae’s size selectivity is functionally similar to
that of adults, in that larvae are capable of selecting the
largest prey available over the range of sizes normally
encountered. Koslow (1981) calculates that a spawning
stock of 1.32-2.35 X 10° anchovies in the Southern
California Bight would consume 10% to more than
100% of the secondary production available in the
area. This implies that growth rates of late larvae may
be limited by (1) intraspecific competition for large
prey items with adults, (2) low prey concentrations,
and (3) the stochastic interaction of these two factors.
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ABSTRACT

Ocean whitefish larvae occurred in 88 tows taken on
CalCOFI plankton surveys from 1954 to 1981. The
robust larvae develop a distinctive array of spines and
spiny ridges in the head region. The body becomes
covered with minute spines, which develop on each
scale. Larvae also have a characteristic pattern of
melanistic pigmentation, which makes it possible to
identify early stages that have not yet developed head
spines.

Larvae occurred from Ensenada (CalCOFI line 100)
to Magdalena Bay (line 140) and seaward to Guadalupe
Island. Occurrences were concentrated off central Baja
California; only 20% of the positive tows were north of
Sebastian Viscaino Bay. It is apparent from the dis-
tribution of larvae that ocean whitefish populations off
southern California are recruited from Baja California.

RESUMEN

Larvas oceanicas de Caulolatilus princeps estuvi-
eron presentes en 88 arrastres de plancton realizados
durante el programa CalCOFI entre 1954 y 1981. Estas
robustas larvas desarrollan un claro conjunto de
espinas y zonas espinosas en la region de la cabeza. El
cuerpo se cubre con espinas diminutas, las cuales
crecen sobre cada escama. Las larvas tienen, ademads,
un patrén de pigmentacién meldnico caracteristico que
permite identificar estadios tempranos que atin no han
desarrollado espinas en la cabeza

Se encontraron larvas desde Ensenada (CalCOFI
linea 100) hasta Bahia Magdalena (linea 140) y mar
afuera de la Isla Guadalupe. Las larvas se concentraron
frente a la zona central de Baja California; sélo un 20%
de los arrastres con larvas ocurri6 al Norte de la Bahia
Sebastidn Vizcaino. La distribucién de las larvas in-
dica que las poblaciones ocednicas de Caulolatilus
princeps en el Sur de California son formadas por
reclutas provenientes de Baja California.

INTRODUCTION

The ocean whitefish, Caulolatilus princeps, ranges
from Vancouver Island, British Columbia, to Peru and
is a prominent coastal bottomfish off southern
California and Baja California (Miller and Lea 1972;
Dooley 1978). Southern California commercial
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passenger fishing boat catch from 1972 to 1983 ranged
from 11,000 to 61,000 fish per year, with an average
catch of 32,000 fish for the 12-year period'. Ocean
whitefish ranked tenth in a’survey of landings of the
southern California private sport fishery (Wine 1978).
Commercial landings declined steadily from a catch of
100,000 pounds in 1946 to less than 2,000 pounds in
1956 and have not increased appreciably since (Fitch
and Lavenberg 1971). The species is an excellent food
fish, and related species in the family Malacanthidae
command a high market price, especially in Japan,
where they are used for sashimi (S. Kato, National
Marine Fisheries Service, Tiburon, California, pers.
comm.).

What little is known about the biology of C.
princeps is summarized in Fitch and Lavenberg (1971).
Fourmanoir (1970) briefly described some juveniles
taken from tuna and lancetfish stomachs. Kramer and
Smith (1973) briefly summarized the distribution of
ocean whitefish larvae from CalCOFI surveys of 1955-
60. Johnson (1984) summarized rostral spination in
Caulolatilus larvae in comparison with other malacan-
thid genera. Detailed descriptions of larvae and
juveniles of other malacanthid species (Okiyama 1964;
Fahay and Berrien 1981; Fahay 1983) show that in its
early life history stages this family is among the most
highly developed of all teleosts.

Larvae of C. princeps are relatively rare in
California Cooperative Oceanic Fisheries Investiga-
tions (CalCOFI) plankton collections; however, this
may result partly from their distribution off coastal
Baja California, where sampling has been relatively
low. The purpose of this paper is to describe the larvae
and pelagic juveniles of C. princeps and summarize
their distribution in CalCOFI samples taken during
1954-81.

MATERIALS AND METHODS

A total of 163 C. princeps larvae and 8 pelagic juve-
niles was available for study. Larval specimens ranged
from 1.7 mm NL to 7.9 mm SL, and pelagic juveniles
ranged from 15.5 to 44.5 mm SL. A developmental
series was established to study general morphology,

'Reports of fish caught by the California commercial passenger fishing boat
fleet. California Department of Fish and Game, Marine Resources Divi-
sion, Long Beach.
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TABLE 1
Measurements (mm) of Larvae and Pelagic Juveniles of Caulolatilus princeps
Snout- Pectoral
Body anus Head Head Snout Eye Body Pectoral fin base Pelvic
Station length length length width length  diameter  depth fin length depth fin length

6107 123.45 2.6 1.0 0.59 0.42 0.13 0.27 0.68 0.19 0.19 —_
6608 120.45 2.8 1.2 0.65 0.57 0.18 0.33 0.83 0.22 0.31 —
6608 120.45 3.0 1.6 0.80 0.56 0.24 0.33 0.86 0.21 0.37 —
5410 130.55 3.3 1.5 1.0 0.73 0.32 0.38 1.0 0.28 0.35 —
5707 120.35 3.7 1.8 1.1 0.80 0.32 0.40 1.2 0.27 0.48 —
5707 120.35 4.0 1.9 1.2 0.83 0.35 0.47 1.2 0.32 0.57 —
5907 133.45 4.2 2.0 1.2 0.95 0.30 0.48 1.3 0.33 0.62 —
6007 130.35 4.5 2.1 1.3 1.0 0.35 0.58 1.4 0.40 0.65 —
5908 123.55 4.7 2.3 1.5 1.2 0.36 0.60 1.5 0.37 0.64 0.02
5904 137.35 5.0 2.4 1.6 1.2 0.34 0.60 1.6 0.40 0.68 0.03
6107 133.35 5.3 2.7 1.7 1.2 0.30 0.65 1.8 0.50 0.69 0.05
H-5706 120.35 5.7 29 1.9 1.2 0.53 0.80 2.1 0.67 0.76 0.06
H-5706 120.35 6.1 3.4 2.2 1.3 0.55 0.87 23 0.70 0.82 0.04
5102 140.30 7.1 4.2 2.8 1.7 0.70 1.0 2.9 1.0 1.0 0.43
5302 100.30 7.9 4.7 3.1 1.8 0.93 1.2 3.2 1.3 1.0 0.71
6509 107.40 15.5 9.5 5.6 2.8 1.5 2.1 6.0 — 1.4 —
5706 130.60 16.9 10.0 5.9 3.1 1.6 2.1 6.3 3.0 1.5 22
5510 123.50 27.8 17.2 9. 4.6 1.8 3.2 9.2 4.4 1.9 3.7
7510AX 130.30 339 18.8 10.3 5.4 2.2 3.9 10.1 5.8 23 4.3
6010B 117.30 44.5 25.8 12.7 6.1 3.2 4.0 12.8 7.5 2.8 6.2

Specimens between dashed lines are in the notochord flexion stage; those below the solid line are pelagic juveniles.

morphometry, and pigmentation. Additional speci-
mens from the collection were used to define variabil-
ity of these features. Subsequently, the series was
stained with Alizarin Red-S and cleared in a graded
series of KOH and glycerin to determine the sequence
of formation of ossified fin rays, head spines, and scale
patches. Most of the small specimens were poorly ossi-
fied because of calcium leaching in preservation and,
for these specimens, only the appearance of unossified
fin rays could be noted. The descriptive methods and
terminology 