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IN MEMORIAM

Martin W. Johnson
September 30, 1893—November 28, 1984

Dr. Martin W. Johnson, professor emeritus at the
Scripps Institution of Oceanography, died on Novem-
ber 28, 1984, at Snohomish, Washington, at the age of
91. He had given up his 50-year association with
Scripps only a few months earlier; he worked in his
laboratory until the fall of 1984.

Johnson was particularly well known as one of the
three authors of the landmark text and reference, The
Oceans: Their Physics, Chemistry and General Biol-
ogy. He further enhanced his stature with his World
War Il research, his postwar training of students, and
his collaboration with them in describing the pelagic
biogeography of the Pacific. ‘

The “deep scattering layer” is probably his major
wartime contribution. The use of acoustics, or under-
water sound, was (and still is) the main method of
detecting submarines. However, many properties of
the ocean itself interfere with sound transmission and
sometimes make submarine detection very difficult.
An especially serious problem was the sound reflection
that seemed to be coming from mid-depths. Research
engineers spent a lot of Navy time and money trying to
determine the source of these signals. Drs. R.J.
Christensen, C.F. Eyring, and R.W. Raitt of the
University of California Division of War Research
asked Martin Johnson to investigate the problem be-
cause they had heard him lecture about deep layers of
zooplankton and because of his earlier success in
* recognizing signals produced by shrimp.

It occurred to Johnson that “. . . if the layer was
composed of organisms, it should behave as many
marine animals do, especially the plankton, and un-
dergo diurnal migrations . . .” He reasoned that the
layer should begin an upward ascent around 5:30 p.m.
(after engineers’ normal quitting time) and migrate
downward again around 6:00 a.m. (before shipboard
work has normally started). Johnson’s resulting
hypothesis was tested at sea on the night of June 26-27,
1945. Thus the biological nature of the deep scattering
layer was established.

In 1936 the faculty at Scripps had introduced a
course in general oceanography in which it was
“customary for those giving lectures to join the
students as auditors in a following lecture given by
some other faculty member.” The principle of the inter-
disciplinary nature of oceanography led to the
requirement that each graduate student at Scripps, no
matter what his discipline, should take core courses in
physical oceanography, marine chemistry, biological

oceanography, and marine geology. Both Sverdrup
and Johnson felt strongly about this issue, and their
views prevailed until recently, when it was determined
that the intellectual demands of certain subdisciplines
are too great to require that all students be familiar with
the whole of oceanography.

To follow through on their ecumenical notions and
to provide a textbook for their courses, Sverdrup,
Johnson, and Fleming collaborated on a book called
simply The Oceans. It was, and still is, unique.
Published in 1942, it initially received little attention,
and some of that was not particulary complimentary.
An early review in the New York Times read: “. . . this
book shows that oceanographers have gone down in
the ocean deeper, stayed down longer and come up
drier than any other sailors.” It is true that the writing
style is distinctly reserved, Scandinavian, and in stark
contrast to today’s bated-breath, discovery-a-minute
mode of expression. Nevertheless, the book has been
in print and in demand for over 40 years; few authors of
scientific tomes can claim that kind of record.

Scripps Institution and the science of oceanography
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grew rapidly after World War II, and Johnson felt that
an increase in graduate student enrollment was
“especially important.” He played a significant role in
establishing the California Cooperative Oceanic
Fisheries Investigations and its Scripps branch, the
Marine Life Research Group. Johnson put a group of
graduate students to work studying the California
Current and its plankton populations, with emphasis
on determining which species were present and how
their abundances varied in space and time. Only
zooplankton were studied because other kinds of
organisms could not be reliably and quantitatively
sampled at the time (1949). It was typical of Johnson to
employ students on such fundamental research as
determining the nature and life histories of fauna rather
than, say, energy flow through (mostly unknown)
trophic levels, a field which even then was considered
high fashion.

One of the results of these studies was the determina-
tion that much of the plankton fauna of the California
Current seemed to comprise a mixture of species that
had larger populations in other water masses outside
the system. The central portion of the California
Current is one of the few places where many of these
species co-occur. This discovery of extensive stirring
and mixing of populations led to the speculation that
much population biology and community diversity
here was to be understood in terms of the physics of
water movement, rather than as biological function
like food limitation, energy flow, or competitive inter-
relationships between populations. This was such a
heretical idea at the time (1954) that Johnson and his
students felt more data, particularly descriptive data,

were required.

Because many of the species found in the California
Current obviously had populations outside of it,
broader-scale sampling was clearly necessary to
establish the patterns of species abundance. That the
major patterns were easily interpretable in terms of
Sverdrup’s water masses further indicates the predomi-
nant role of physics in regulating the biology of the
ocean. This approach anticipated by over a decade
terrestrial ecologists’ renewed interest in biogeog-
raphy. The large-scale patterns and the proximal rea-
sons for their existence developed by Johnson and his
students have stood the test of time.

During formal retirement in the 1970s and early
1980s, Johnson returned to his interest in larval
development of the many Pacific lobster species. His
descriptions of differing developmental sequences of
these leaf-like “phylosoma” stages continued to in-
clude his superb illustrations. (He was more than an
illustrator: his caricatures and doodles—often made
during meetings—might have become legend had he

cared to publicize them.)

Martin W. Johnson was born on September 30,
1893, in Chandler, South Dakota, in a sod-roofed
farmhouse. Like many other young boys of Scandina-
vian ancestry, he worked the wheat harvests of
Saskatchewan and the Dakotas. In the off-season, he
rode herd and was a general ranch hand. When his
family moved to Washington state, he worked as a
logger and choker setter in the woods and as a guard to
protect salmon traps from fish pirates. He has written
that these early experiences stimulated his interest in
“fundamental ecology” and sense of wonder at the
basic differences in “the type of pasturage and resultant
type of grazers of each.” Thus the Great Plains, the
virgin forests of the Pacific slope, and the sea strongly
influenced him.

After serving in the army during World War I, he
attended the University of Washington, graduating in
1923 at age 30. He was curator of the Friday Harbor
biological station, served on the scientific staff of the
Passamaquoddy International Fisheries Commission,
and acquired a Ph.D. at the University of Washington.
In 1934, T. Wayland Vaughan, Director of Scripps In-
stitution, wrote him, offering a Research Associate
position at $100 per month, saying “We have on the
Institution’s staff a few people who are not seagoing. |
do not intend to add to the staff anybody else who will
not work on water.” Johnson was glad to get the low
salary “. . . in view of the then nation-wide depres-
sion” and the sea-going stricture was, as he said, “not a
deterrent to me.”

Martin Johnson was, in spite of his adventurous
childhood and youth, a quiet, diffident, dignified man.
God had not granted him the gift of gab, and his
lectures, for the most part, did not sparkle. Even
private conversations were, at first, quite formal,
somewhat strained. But he was actually an emotional
man with a great sensitivity and awareness of the
human condition and an intuitive feel for which scien-
tific problems were important and which weren’t.

In spite of his basic humaneness, he did not suffer
fools gladly. There were events, situtations, and in-
dividuals of which he definitely disapproved. But
never did he use his position and stature to impose his
views. He was completely above academic politics, at
which, in any event, he would have been a failure.

An outstanding trait, all who knew “D.J.” will
agree, was his absolute honesty and integrity. He was
simply incapable of deviousness or manipulation. His
death marks the end of an era of great growth in
oceanography—one of openness and cooperation.
Both he and the milieu in which he worked will be
greatly missed.

John A. McGowan, Edward Brinton
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Partl

REPORTS, REVIEW, AND PUBLICATIONS
REPORT OF THE CALCOFI COMMITTEE

With deep regret the CalCOFI Committee reports
the loss of long-time friend and colleague Martin W.
Johnson of Scripps Institution of Oceanography. A
memorial by John McGowan and Ed Brinton appears
on the preceding pages.

Despite shrinking budgets and increasing pressures
CalCOFI reached several important milestones during
the year. We take great pride in the publication of the
book Ontogeny and Systematics of Fishes, sponsored
by the Southwest Fisheries Center, a member of
CalCOFI, with H. Geoffrey Moser as chief editor. This
volume is a memorial to Dr. Elbert H. Ahlstrom,
former member of the CalCOFI Committee.

In November, CalCOFI was host to representatives
from coastal South American nations to initiate propo-
sals for a worldwide study on recruitment of sardines
and anchovies (SARP: Sardine/Anchovy Recruitment
Project). The meeting was convened by Reuben Lasker
and jointly sponsored by the Intergovernmental Oceano-
graphic Commission.

Studies initiated by CalCOFI during the 1982-83 El
Nifio event continued during the year with cruises
headed by John McGowan and Thomas Hayward. The
annual anchovy biomass estimate was completed in
July 1984. The status of the sardine remained of great
interest. In April-May 1985, a joint National Marine
Fisheries Service/Scripps Institution of Oceanography
cruise was made aboard R/V David Starr Jordan. Part
of the mission of this cruise was the assessment of
sardine spawning success.

The 1984 CalCOFI Conference was held in October
in Idyllwild, California. This annual meeting con-
tinues to grow, with over two hundred scientists in
attendance from eight countries, representing twenty-
three research institutions and industries. Andrew
Bakun convened the symposium entitled “Compara-
tive Studies of Eastern Ocean Boundary Systems.” Be-

sides the eight symposium papers, of which seven are
reprinted in this volume, sixty-two additional papers
and fifteen posters were presented. Herbert Frey of the
California Department of Fish and Game chaired a
round table discussion on the state of California
fisheries. A minisymposium of inshore papers was
chaired by Edward DeMartini. We look forward to the
1985 conference.

In response to increasing financial pressures, Cal-
COFI has used the greatest number of volunteers in the
history of its field sampling series: 67 volunteers, of
whom 36 were Mexican nationals, were among the 122
people involved in seagoing operations in 1984-85.
They contributed to a total of 4,000 person-days during
323 ship-days at sea; 966 hydrographic stations were
sampled, and approximately 150,000 items of data (ex-
clusive of weather) were obtained. To top this off, all
data reports were published soon after the cruises.
Finally, an ocean sampling program of quarterly
cruises on a reduced grid commenced in 1985.

The reviewers and editorial staff of this volume, par-
ticularly Julie Olfe, are to be congratulated for their ex-
cellent work. This volume is the second, and last, of
those edited by John J. Grant during his term as Cal-
COFI Coordinator. He has asked the committee to pass
along his deep appreciation to everyone in the Cal-
COFI family for their assistance and support during the
past two years. The committee wishes to thank John for
his tireless efforts as CalCOFI Coordinator. George
Hemingway of the Marine Life Research Group of
Scripps Institution of Oceanography will be the coordi-
nator for the next two years.

The CalCOFI Committee:
Izadore Barrett

Herbert Frey

Joseph Reid
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REVIEW OF SOME CALIFORNIA FISHERIES FOR 1984

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

Total 1984 landings of fishes, crustaceans, and mol-
lusks declined 13% from 1983 to a level that is 32%
below the average for the last seven years.

Landings of pelagic wet fishes dropped for the third
straight year; all species except Pacific mackerel ex-
hibited declines (Table 1). Jack mackerel and Pacific
herring landings declined by approximately 50%, and
market squid were virtually unavailable along the en-
tire California coast for most of the year.

Groundfish, pelagic thresher shark, and Dungeness
crab landings remained at about the same level as in
1983. The ocean shrimp fishery off the north coast
recovered moderately from the disaster of 1983, but
declined dramatically off central California.

The brightest notes of 1984 were the record high
landings of swordfish by primarily drift gill net vessels
and the excellent early summer run of albacore for
southern California recreational fishermen.

PACIFIC SARDINE

The moratorium on commercial fishing of Pacific
sardines (Sardinops sagax caeruleus) remained in
effect in 1984 because the spawning biomass was
assessed as remaining below the 20,000 tons neces-
sary to initiate a fishery. Good signs of a recovery of

the resource continued to be evident. However, the
trend of increasing occurrences of sardines appears to
have slowed relative to last year.

Approximately 212 tons of sardines were landed
incidentally with mackerel fishing in 1984, a consider-
able decrease from the high of 388 tons landed the
previous year (Table 1). However, fishermen con-
tinued to report pure schools of sardines and sets on
schools of mackerel with more than the allowable 15%
by weight of incidental sardines. Sardines occurred in
the southern California mackerel landings in all
months of the year except July and December. At
Monterey, sardines were landed incidentally to mack-
erel primarily during the last four months of the year.
Sardines occurred in 30% of observed mackerel land-
ings during 1984, about the same as observed for
1983. Preliminary analysis of length frequency and
aging indicates that the 1983 year class (1-year-olds)
was dominant; however, older fish were commonly
sampled.

For the third consecutive year sardines appeared in
record high frequency in midwater trawls during the
annual California Department of Fish and Game
(CDFG) recruitment survey off northern Baja Califor-
nia and southern California. Sardines were caught in

TABLE 1
Landings of Pelagic Wet Fishes in California in Short Tons from 1964-84
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 21 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 10,390 105,307
1970 221 96,243 311 23,873 158 12,295 133,101
1971 149 44,853 78 29,941 120 15,756 90,947
1972 186 69,101 54 25,559 63 10,303 104,993
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 10,153 160,115
1977 6 111,477 5,975 50,163 5.827 14,122 187,570
1978 5 12,607 12,540 34,456 4,930 19,899 84,437
1979 18 53,874 30,471 18,300 4,681 22,025 129,369
1980 38 47,339 32,645 22,428 8.886 16,957 128,293
1981 31 57,593 42,913 15,673 6,558 25,715 148,483
1982 145 46,364 31,275 29,110 11.322 17,951 136,167
1983 388 4,740 35,882 20,272 8.829 2,001 72,112
1984* 212 3.203 46.482 11.930 4,241 622 66.690

*Preliminary
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54% of the tows off southern California and 44% of
the tows off Baja California. Although sardines pre-
viously (1966-82) were absent or rare in trawl surveys,
they have become the second most frequently taken
species during the last three years. Young-of-the-year
fish in substantial numbers were taken for the second
year in a row. Sizes this year ranged from 40 to
230 mm SL, with most fish in the 125-t0-200-mm
range.

The percent occurrence of sardines in live bait hauls
during 1984 remained at about the same level as last
year. Recently, logs were revised to allow fishermen
to specify a quantitative estimate of sardines landed;
however, these logs are submitted on a voluntary (and
frequently incomplete) basis. Department observers
on sportfishing boats were also estimating the occur-
rence of sardines in live bait. A preliminary estimate
from these sources suggests possible 1984 live bait
landings of sardines ranging from 70 to 250 tons. The
live bait catch of sardines is considered to be greater in
1984 than 1983, but consists of more large and fewer
small (young-of-the-year) fish than were seen in 1983.

Legislation was passed on September 4 that ex-
tends, until July 1, 1986 (an additional year), the
sunset clauses on statutes regulating incidental catch
tolerances for sardines mixed with other fish, and the
allowable uses of sardines. This bill also requires
CDFG to submit a report to the California legislature
by January 1, 1986, on the effect of the regulations
concerning the use of incidentally taken sardines. In
addition, the bill allows 75 tons per year of sardines to
be taken for live bait and requires a revocable permit
and submission of logbooks. These provisions add to
and continue statutes designed to alleviate and mini-
mize the impacts of a resurgence of sardines on fisher-
men and dealers.

NORTHERN ANCHOVY

At the beginning of 1984 only 32 tons of northern
anchovy, Engraulis mordax, had been landed for re-
duction purposes toward the 1983-84 season quota of
52,000 tons for the southern permit area (south of
Point Buchon). The first 1983-84 season northern area
landing (76 tons) occurred January 31, and was ap-
plied toward the 5,800-ton northern allocation. At that
time, most of the northern area seiners were still
fishing herring.

After the interseason closure (February-March), in-
terest in anchovies for reduction remained low, with
boats targeting primarily on mackerel. In the southern
area, only a single landing was reported prior to the
June 30 closure. In the northern area, only two seiners
participated in the fishery. These boats made consis-
tently good catches during April, May, and early June,

10

and accounted for approximately 1,700 tons landed for
reduction. During this period, the price dropped from
$42 to $38 per ton. The 1983-84 season closed with
preliminary landings of 1,765 tons in the north and 70
tons in the south (Table 2).

The National Marine Fisheries Service (NMFS)
estimated a 1984 spawning biomass of 340,608 tons
(309,000 MT). The optimum yield for the 1984-85
season was set at 12,346 tons, and the U.S. reduction
fishery harvest limit was set at 6,944 tons. Allocations
of 694 and 6,250 tons were established for north and
south of Point Buchon, respectively. The 1984-85
season opened August | in the north and September 15
in the south. Only one landing, 78 tons in the south,
occurred before the end of the year, even though a
processor in each permit area had issued orders early
in the fall. Fishermen in both areas concentrated
efforts on mackerel and complained that only small
anchovies were available during the fall.

The statewide reduction landings for 1984 were
1,896 tons. Nonreduction landings accounted for an
additional 1,307 tons, whereas live bait catches were
estimated at 5,726 tons.

JACK MACKEREL

For the sixth consecutive year, jack mackerel
(Trachurus symmetricus) contributed less than Pacific
mackerel (Scomber japonicus) to California’s mack-
erel fishery. The 1984 landings of 11,930 tons consti-
tuted 20% of total mackerel landings. This ranks as
the lowest proportion of jack mackerel in overall land-
ings since this species began supporting a viable fishery
in the late 1940s. Jack mackerel dominated landings

TABLE 2

Anchovy Landings for Reduction Seasons in the Southern
and Northern Areas from 1966-84, 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 . ............ ... 25314 2.736 28,050
1969-70 . .. ............. 81.453 2.020 83,473
1970-70 ... ... L 80.095 657 80,752
1971-72 ... o 52.052 1.314 53.426
1972-73 ... ... 73.167 2.352 75.519
1973-74 109,207 11,380 120.587
- 109,918 6,669 116.587
135.619 5.291 140.910
101,434 5.007 106,441
68.476 7.212 75.688
52,696 1,174 53.870
33,383 2,365 35,748
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

*Preliminary



FISHERIES REVIEW: 1984
CalCOFI Rep., Vol. XXVI, 1985

only one month of the year, in March, when in-
terseason restrictions on landing Pacific mackerel
were in effect. During most of the year, jack mackerel
were largely unavailable off southern California, and
made up only 15% of the mackerel catch. Jack mack-
erel were more available off central California, where
they averaged 39% of the mackerel landings.

No explanation is readily apparent for the recent
lack of availability of jack mackerel. Jack mackerel
may be less abundant under conditions of high Pacific
mackerel biomass, as has occurred in recent years.
Although it is difficult to assess any impact of the
recent El Nifio on this species, behavioral patterns that
may make jack mackerel unavailable may have been
accentuated by this phenomenon, particularly with
respect to southern California. In addition, during
1984 fishermen did not fish offshore areas that have
traditionally produced large catches of jack mackerel.

A high incidence of young jack mackerel in midwa-
ter trawl catches during the 1984 CDFG anchovy re-
cruitment survey suggests a relatively strong 1984
year class.

PACIFIC MACKEREL

The year began with approximately 1,000 tons re-
maining on the 1983-84 season quota of 22,000 tons.
The trend of more northerly catches, which began
during the summer of 1983 and persisted through
December, continued during the first part of January,
with mackerel being caught near Monterey and deliv-
ered to southern California by truck and boat. In late
January the initial quota was increased to 26,000 tons,
primarily on the basis of financial hardships facing the
fishermen. Catches improved, with 100% Pacific
mackerel available off the Santa Barbara Channel Is-
lands. The season was closed on February 8, when the
additional tonnage was landed. Interseason restric-
tions went into effect, limiting landings to 50% or less
by number, or 3 tons of 100% Pacific mackerel.
Fishermen were mostly unable to locate schools con-
taining sufficient proportions of jack mackerel to com-
ply with regulations, and this, together with limited
cannery interest and poor weather, resulted in low
landings during the rest of February and March. At
this time fishermen were faced with no prospects of
directed take of Pacific mackerel until July 1, poor
availability of jack mackerel, squid, and anchovy, and
poor market conditions for anchovy.

Urgency legislation (AB 384), which was signed
and effective immediately on April 4, provided an
additional 1983-84 season take of 7,500 tons, with
2,500 tons allocated for each month (April, May, and
June) remaining in the season. In addition, this leg-
islation authorized the California Fish and Game

Commission (CFGC) to adjust the determined allow-
able catch for future seasons between February 1 and
June 30. As a result of this legislation, the season was
open from April 4-19, and during the first week of
both May and June, with interseason restrictions in
effect the remainder of the time. Pacific mackerel
were more commonly available off southern Califor-
nia during the spring, with catch areas ranging from
off Gaviota in April to off San Onofre in June. The
season’s catch reached 39,000 tons by the end of
June—50% more than the adjusted allowable catch of
26,000 tons recommended by the CDFG. This repre-
sents an increased seasonal catch at a time when
biomass levels appeared to be declining, and Pacific
mackerel were entering their spawning season.

The 1984-85 season opened on July 1 with a quota
of 16,000 tons based on a biomass estimated to range
between 89,000 and 106,000 tons. Fishing got off to a
slow start, because most southern California seiners
fished for albacore during July. However, landings in
August and September were brisk, with Pacific mack-
erel constituting 95% of the catch; some San Pedro
boats fished as far north as Morro Bay. A permit
amendment was enacted to limit landings per boat to
125 tons per week, or 375 tons per month, in an effort
to distribute the quota more equitably among the fleet
and discourage the waste of fish. The season quota
was adjusted upwards by 5,000 tons in early October
and by another 5,000 tons at the beginning of Novem-
ber, partly as a result of reevaluation of the biomass
estimate then considered to range between 107,000
and 139,000 tons. On December 20, the Pacific mack-
erel fishery was closed when the 26,000-ton quota was
reached, and interseason restrictions went into effect.
The seasonal catch through December was 28,300
tons.

Landings of Pacific mackerel for the year totaled
46,482 tons. Slightly over 82% of the Pacific mack-
erel landings occurred in southern California, with
Monterey accounting for 18%, or 8,312 tons. This is
by far the largest recorded annual take of Pacific
mackerel in Monterey since the beginning of the
fishery in the 1920s. Landings of Pacific mackerel
averaged 85% and 62% of the total mackerel catch in
southern and central California, respectively. Jack
mackerel continued to be largely unavailable, particu-
larly in southern California.

Although eight year classes (1977-84) contributed
to the Pacific mackerel fishery, the 1980 and 1981 year
classes accounted for 72% of the tonnage landed in
1984, and fish 3 years of age and older accounted for
96% of the tonnage landed.

The assessment of the 1983 year class suggests that
recruitment of these fish will be poor. The 1982
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spawning season also produced a weak year class,
resulting in two consecutive years of poor recruitment.
The very weak presence of the 1982 and 1983 year
classes in samples, less than 4% by weight, indicates a
crucial need for a strong incoming year class. Pre-
liminary indications suggest the 1984 cohort may be a
moderate or even strong year class. Some observa-
tions of young-of-the-year fish have been reported,
and during November, the 1984 year class contributed
a surprisingly high 1% of the total month’s tonnage.

MARKET SQUID

Both the central and southern California market
squid (Loligo opalescens) fisheries fell far short of
historical landings during 1984. Only 622 tons were
landed statewide, the lowest catch since 1942.

The Monterey fishery produced only 538 tons, de-
spite intense interest and scouting in other than tradi-
tional fishing areas. Although this is typically a sum-
mer-fall fishery, over half the tonnage, 57%, was
landed in May. Prices offered reached record high
levels, ranging from $250 to $900 per ton, but fisher-
men most frequently received $500 per ton.

Only 84 tons were landed in southern California;
87% of this was landed at San Pedro markets. This
fishery, which normally has a fall-winter season, also
landed over half the tonnage, 60%, in May. Prices
paid ranged from $460 to $600 per ton.

Fishermen, processors, and some scientists are wor-
ried that the method and level of fishing may be
affecting the abundance of squid. In Monterey, most
lampara boat owners have proposed a prohibition of
chains on nets (to reduce the number of egg cases torn
from the bottom) and a limit on the number of boats
that can fish on the spawning ground adjacent to the
Monterey Peninsula. No known proposals have been
made for southern California, which is a scoop boat
and purse seine fishery.

Some central California fishermen have suggested
that the poor availability of the last two years may
reflect a coastwide decline in abundance; others feel
that squid may be spawning on grounds inaccessible to
the fleet. If squid were able to spawn successfully in
deeper waters off Monterey or more northerly waters
during the past two years of warm water, then they are
expected to return to the Monterey Peninsula in
abundance during the summer of 1985. However, if
they were unable to spawn successfully, they should
be in short supply, with recovery delayed or prevented
by likely high exploitation rates.

PACIFIC HERRING

The cumulative effect of two consecutive warm-
water years from 1982 to early 1984 had a devastating
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impact on the 1984 Pacific herring (Clupea harengus)
fishery. The 1984 annual catch declined to 4,241 tons
(Table 1), and the 1983-84 seasonal catch (December-
March) was only 3,000 tons, representing a quota
shortfall of over 8,000 tons—the poorest season since
the fishery began in 1973.

In addition to the reduced catches in the 1983-84
season, herring in the catch exhibited below-normal
growth characteristics and consequently were of poor
quality. Data gathered from the catch indicated all age
groups were 25% below normal weight. The base
price for 10% roe recovery was $600 per ton during
the season, but the poor condition of the fish caused
the price to fall to $150 per ton in some cases.

Population estimates derived from surveying
spawning grounds in Tomales and San Francisco bays
also declined in 1984. In the 1982-83 season, the
Tomales Bay population was estimated to be over
11,000 tons, the second highest estimate recorded. In
the 1983-84 season, the Tomales Bay population de-
clined to only 1,280 tons. It is believed that this
sudden decline was a result of a northerly migration of
the population rather than a sharp increase in mortal-
ity. The San Francisco population declined 30% from
the previous season to approximately 40,000 tons.
Most of this decline is attributed to the poor growth
exhibited by herring during 1983.

The ocean temperatures off central California re-
turned to normal during 1984, and both Tomales Bay
and San Francisco Bay fisheries are expected to im-
prove in the 1984-85 season.

As the 1984-85 season began, December catches
were good in San Francisco Bay, but a lower quota,
based on the population estimates from the 1983-1984
season, is in effect and will limit the overall season’s
catch for Tomales and San Francisco bays to about
7,500 tons. At the beginning of the season the base
price for 10% roe recovery increased to $1,000 per
ton, and good initial catches give hope for a quick
economic recovery for the fishery during the 1984-85
season.

GROUNDFISH

California’s 1984 commercial groundfish harvest
was 40,030 metric tons (MT), with an ex-vessel value
of $22,506,000. The 1984 harvest level represents an
increase of 583 MT over 1983 statewide landings
(Table 3). California’s groundfish catch, which ac-
counted for 20% of West Coast groundfish catches, is
typically dominated by the rockfish complex (Sebastes
spp), Dover sole (Microstomus pacificus), and sable-
fish (Anoplopoma fimbria). The majority of the catch
(29,087 MT) was landed by trawl vessels. Set net,
pot, and hook-and-line vessels accounted for the re-
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TABLE 3
California Groundfish Landings (Metric Tons)
Percent
Species 1983 1984*  change
Dover sole 8,402 9,744 16%
English sole 1,162 946 —19%
Petrale sole 563 582 3%
Rex sole 626 566 ~10%
Thornyheads 1,675 2,105 26%
Widow rockfish 3,455 2,663 ~23%
Other rockfish 14,200 14,491 2%
Lingcod 885 935 6%
Sablefish 6,509 4,707 —28%
Pacific whiting 980 2,335 138
Other groundfish 1,041 983 - 5%
TOTAL 39,498 40,030
*Preliminary

mainder. An additional 5,125 MT was estimated to
have been captured by the recreational fishery.

First-quarter catches, averaging 1.8 MT per de-
livery, rebounded strongly from the previous year
because of calm ocean conditions and favorable do-
mestic markets. Catch rates declined to 1.4 MT per
delivery during the second and third quarters, before
rising again to 2.0 MT per delivery in the final quarter
of 1984. The high fourth-quarter catch rates occurred
despite frequent periods of hazardous ocean condi-
tions, which restricted fishing effort.

Only two species, widow rockfish (S. entomelas)
and sablefish, were regulated by Pacific Fishery Man-
agement Council (PFMC) catch quotas. A coastwide
optimum yield of 9,300 MT was established for
widow rockfish and enforced by a trip limit and fre-
quency restriction of one landing per week between
3,000 and 50,000 pounds. Trip-frequency limits were
not imposed on landings of less than 3,000 pounds.
The industry soon adjusted to the new regulations by
bringing more vessels into the fishery and extending
the length of trips. The rapid pace of landings necessi-
tated a reduction in the coastwide trip limit to 40,000
pounds per trip on May 6, 1984. By September 9, the
PFMC was forced to order a cessation of directed
fishing, for 9,200 MT of widow rockfish had been
captured. An incidental landing limit of 1,000 pounds
per trip was imposed on the industry until closure of
the widow rockfish fishery at the end of September.

A coastwide acceptable biological catch (ABC) of
13,400 MT of sablefish was established for 1984 to

achieve the OY of 17,400 MT. Harvest restrictions
included continuance of the 22-inch size limit and a
retention allowance of 5,000 pounds of undersized
sablefish per trip. The ABC harvest guideline was not
exceeded during the year, and no further restrictions
were necessary. California’s sablefish catch declined
to 4,707 MT from the 1983 level of 6,509 MT. Several
factors contributed to this decrease: notably, weak
foreign demand, an absence of strong year classes of
subadult fish, and the departure of two large trap-
processor vessels from California waters.

Dover sole was landed in the greatest quantity of all
groundfish species statewide: 9,744 MT. This species
is typically harvested most intensively by trawl vessels
near northern California ports. Yet in 1984 Morro Bay
emerged as an important source of Dover sole: land-
ings for this port increased from 350 MT in 1983 to
1,248 MT in 1984. The dominance in northern Cali-
fornia landings of less desirable, deepwater dover
sole, which have very soft, watery flesh, and better
ocean conditions off Morro Bay are two probable
reasons for this expansion. The set net fishery for
rockfishes and lingcod continued to expand in central
and southern California waters during the year. Con-
flicts with other user groups increased, as the fleet
spread into fishing grounds traditionally exploited by
trawl, troll, and sport vessels. Assessment of this
important fishery has proved difficult.

In general, domestic demand for groundfish re-
mained robust during the year, but fresh rockfish from
British Columbia entered markets historically occu-
pied by California rockfish, depressing wholesale
prices. Weak ex-vessel prices and the stabilization of
catches despite increased effort have created economic
problems for a majority of the trawl fleet. By late
1984, many trawl fishermen were requesting a limita-
tion on fishing effort through limited-entry or other
alternative management measures.

DUNGENESS CRAB

California Dungeness crab (Cancer magister) land-
ings for the 1983-84 commercial season totaled 5.56
million pounds, slightly higher than 1982-83 seasonal
landings of 5.33 million pounds.

December 1, opening day on the north coast, greet-
ed fishermen with reasonable weather, a record open-
ing price of $1.25 a pound, and low catches. By the
end of January, 95% of the season’s production was
across the docks, and the price had risen to $1.85.
Approval was given to extend the northern California
season from July 15 to August 31. However, effort
was minimal, and only 28,000 pounds were landed
during this period. Fishermen noted that few sublegal
crabs were in the traps, a sign that fishing might be
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poor for the 1984-85 season. Effort was slightly less
than the previous season, when 432 vessels engaged in
the fishery. Total landings for Crescent City, Trini-
dad, Eureka, and Fort Bragg were 3.21, 0.50, 0.79,
and 0.20 million pounds, respectively.

San Francisco area Dungeness crab landings for the
1983-84 season were 0.86 million pounds, making it
the best season of the past fourteen. The previous
season’s landings were 0.58 million pounds. Average
landings for the past fourteen seasons are 0.50 million
pounds. Bodega Bay, San Francisco, and Half Moon
Bay landings were 0.25, 0.30, and 0.31 million
pounds, respectively. Landings in this area were a
little more evenly distributed throughout the 1983-84
season than during the previous season. In 1983-84,
57% of the season’s total was landed in the first two
months, compared with 76% for the same period in
1982-83.

The 1983-84 season opened November 8 in central
California, with an ex-vessel price of $1.65 a pound.
By mid-December, the price had reached $1.75,
climbing to $2.00 by late January. By May, the price
had reached $2.37, and fishermen expressed interest in
extending the season from June 30 through the month
of July. By the end of June, the price was $2.50 a
pound, and there were about 20 boats fishing in the
San Francisco area; because crab condition was re-
ported to be good, the extension of the season through
July was granted. Although many of the Half Moon
Bay boats quit before the end of June, San Francisco
landings increased, and 26,000 pounds were recorded
during the season extension.

PACIFIC OCEAN SHRIMP

California’s ocean shrimp (Pandalus jordani) fish-
eries reversed themselves during 1984 as ocean waters
cooled to more normal temperatures. While the
fishery off the north coast rebounded from record low
landings in 1983, landings at the central California
port of Morro Bay plummeted to a near-record low.

Shrimp landings from Area A (California-Oregon
border to False Cape) totaled 1,107,266 pounds, a
great improvement over the 568 pounds landed in
1983 but still well below the 1973-82 average of 4.6
million pounds. Although the season is from April 1 to
October 31, no shrimp were landed until the last week
in August. A total of 224,550 pounds caught in Ore-
gon waters was landed in Crescent City during the
season.

The price received by the fishermen was $0.45 a
pound throughout the season. The number of vessels
delivering shrimp to Area A ports was 35 (18 single
rigged and 17 double rigged), the lowest number since
1977 (excluding 1983). Single-rigged boats had an
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average catch rate of 211.5 pounds per hour; double-
rigged vessels averaged 381.6 pounds per hour for the
season.

Shrimp landings in Morro Bay and Avila totaled
150,220 pounds, plus 4,113 pounds taken incidentally
to spot prawn and ridgeback prawn fishing. This was
the worst year since the fishery began off Morro Bay
in 1979, with landings declining to only 15% of the
nearly one million pounds landed in 1983. An ex-
vessel price of only $0.40 a pound and declining catch
per unit effort (CPUE) contributed to the low catch,
because fishermen could not make enough money to
continue targeting on shrimp. Readily available, low-
priced, Norwegian frozen shrimp was a major factor
in keeping the price down.

Only 10 vessels (3 single rigged and 7 double
rigged) participated in the fishery. Individual vessels
made from one to seven trips. Total hours fished fell
to 597, down from 3,990 in 1983. Most of the catch
came from the Point San Luis to Point Sal area, in
water 80 to 120 fathoms deep, but tows were also
made from 54 to 140 fathoms. CPUE started at over
200 pounds per hour for both types of vessels in April,
but fell to less than 85 pounds per hour by June. No
fishing at all occurred in July and August, because
discouraged fishermen turned to other species. In
September, two double-rigged boats found a bed of
shrimp off Point Sal, and brought in two loads each.
The fishery ended in early October with two landings
totaling 17,000 pounds. Overall CPUE for double-
rigged boats (242 pounds per hour) was higher than
for single-rigged boats (141 pounds per hour). Total
CPUE for all vessels was 201 pounds per hour. Most
of the catch was transported to northern California for
processing.

Average counts-per-pound ranged from 59 in April
to 48 in October, and averaged 53 for the season. This
was considerably lower than the 79 per pound in 1983,
indicating the presence of older and larger shrimp in
1984. Two-year-olds constituted 66.2% of all shrimp
sampled. Whereas transitionals were most abundant
during 1983, females dominated the sex composition
in 1984. If recruitment is poor, 1985 landings should
be predominately 3-year-old females.

PELAGIC SHARK AND SWORDFISH

During 1984, 258 permits were issued to harpoon
fishermen to take swordfish (Xiphias gladius), and
225 drift gill net permits were issued for taking pelagic
sharks and swordfish. In addition, a special category
of drift gill net swordfish permits, authorizing fishing
north of Point Arguello only, was established by the
California legislature. Of a possible 35 such permits,
30 were issued.
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Harpoon fishermen met with moderate success in
1984, reporting 1,068 swordfish on logbooks. In Octo-
ber, an eight-year ban on the use of spotter aircraft as
an aid to harpooning was repealed by the CFGC. That
decision came too late to improve the 1984 season, but
could add significantly to the harpoon success rate in
subsequent years.

For the second consecutive season, drift gillnetters
set a new record for reported catches of swordfish.
Logbook submittals indicated 25,367 fish caught for
the 1984-85 season (May through January). The pre-
vious record, set during the 1983-84 season, amounted
to a reported 21,000 fish. The California-based drift
gill net swordfish fleet continued to expand its area of
operation during 1984. Waters adjacent to the escarp-
ment, which borders the Southern California Bight,
proved to be very productive fishing grounds. Other
productive areas included the offshore Rodriguez and
San Juan seamounts.

Preliminary 1984 annual landings of swordfish also
established a new high. The estimated 4.4 million
pounds with an ex-vessel value of $11.6 million easily
eclipsed the previous highs of 2.6 million pounds in
1978 and 1983.

Common thresher shark (Alopias vulpinus) landings
declined for the second consecutive year, with just
over 1.5 million pounds having been taken. The final
landings figures for 1983 indicated a total catch of 1.7
million pounds. Analysis of trends in the length com-
position, and continued declines in CPUE indicate that
common thresher stocks may not be able to sustain
current levels of harvest. Discussions are currently
underway with representatives of the gill net industry
concerning the need for reducing fishing effort. The
main topic of discussion centers around the springtime
fishery. This is the period when common thresher
sharks are most available and swordfish are least
available.

CALIFORNIA SPINY LOBSTER

Daily log returns from the 1983-84 commercial
California spiny lobster (Panulirus interruptus) fishery
documented the largest effort in the 11-year history of
logbook submittal. The 221-boat fleet made almost
540,000 trap hauls, an increase of 9% over the pre-
vious season.

Log returns estimated that traps retained 486,000
sublegals (‘‘shorts”’)—a 0.9 catch-per-trap (CPT)
rate, which is the highest since sublegal escape ports
were added to traps beginning in the 1976-77 season.
This continuation of an 8-year trend of increased CPT
on sublegals, even in the face of mounting effort, may
reflect improved juvenile survivorship enhanced by
the escape port addition.

A total of almost 324,000 legal-sized lobster were
reported on logs during the season (first Wednesday in
October to first Wednesday after March 15), with an
estimated weight of 511,500 pounds and an estimated
ex-vessel value of $1.9 million. This represents a
catch almost double that reported for the 1973-74
season, when logs were first implemented. Still, total
landing estimates for 1983-84 were only half that of
the postwar bonanza of the early 1950s, which was the
peak of historical annual landings dating back to 1916.

Comparing the 1983-84 legal CPT rates with the
11-year logbook record, the season could be consid-
ered average at 0.6 legals (0.956 pounds) per trap
hauled.

As usual, fishermen expended most of their effort in
the early season, with 37% of the season’s trap-hauls
made in October, 24% in November, and 15% in
December. Effort continued to decline linearly there-
after, with only 4% of trap-hauls occurring in the
closing month of March.

Catch success, averaging 1.7 pounds per hundred
trap hours for the season, repeated a typical seasonal
trend. Whereas nearly 3 pounds per hundred trap
hours were recorded during the opening month, catch
rates declined rapidly to 1.0 pounds in December, and
then recovered well during the last half of the season,
increasing to 1.8 pounds per hundred trap hours by
March.

The southern California fishery was most concen-
trated along the mainland. Approximately 54% of the
catch was taken by 68% of the effort (trap-hauls) in
coastal waters south of Santa Monica Bay. Increased
catch success occurred farther from port; fishermen at
Channel Islands and Cortez Bank reported taking 34%
of the catch with only 23% of the effort. Low trapping
densities occurred in coastal waters from Malibu Point
to Point Arguello, where fishermen trapped 12% of
the catch with 8% of the effort.

Record effort levels in recent years have brought
about increased friction, especially among the partici-
pants in the high trapping densities of crowded, pro-
ductive, local fishing grounds. Veteran year-round
lobster fishermen voiced increasing resentment over
part-time ‘‘opportunists” who fish briefly at the sea-
son opening, when high catchability and availability
of first-season recruits (brought on by summer molt-
ing) maximizes catch rates. Marginal operations, be-
set by the downward fluctuations of the fishery (initial
log summaries indicate fall 1984 catches are 20%
below average) have increased vocalization of this
resentment. Limited entry and limitations on the num-
ber of traps per fisherman are management schemes
often suggested by fishermen. Since preliminary eval-
uation of log returns gives no evidence of a persistent
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downward trend in CPUE, such management mea-
sures may not be biologically justifiable at this time.

Contributors:

Dennis Bedford, pelagic shark and swordfish
Patrick Collier, Pacific ocean shrimp

Terri Dickerson, Pacific mackerel, market squid
Allen Grover, northern anchovy

James Hardwick, northern anchovy, market squid
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Frank Henry, groundfish

Kenneth Miller, California spiny lobster
Sandra Owen, Pacific ocean shrimp

Jerome Spratt, Pacific herring

Ronald Warner, Dungeness crab

Patricia Wolf, Pacific sardine, jack mackere!l

Compiled by Richard Klingbeil
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THE 1984 SPAWNING BIOMASS OF THE NORTHERN ANCHOVY

ROGER P. HEWITT

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

ABSTRACT

The 1984 estimate of the spawning biomass of the
central subpopulation of the northern anchovy (En-
graulis mordax) is 309,000 metric tons (MT). The
estimate was obtained using the egg production meth-
od, where biomass is defined as the ratio of the daily
production of eggs found in the sea and the daily
specific fecundity of the population.

In 1984, as in 1983, the central subpopulation of
northern anchovy was geographically distributed more
offshore and northerly than in previous years. Spawn-
ing was apparent throughout the southern portion of
the Southern California Bight as far south as the lati-
tude of Ensenada; no spawning was evident within 50
km of the coast between San Diego and Ensenada. A
small amount of spawning was detected adjacent to
the coast between San Francisco and Monterey bays,
California, and between Cape Colnette and Punta
Baja, Baja California.

RESUMEN

El valor estimado de la biomasa de desove de la
subpoblacién central de la anchoveta del norte (En-
graulis mordax), para 1984, es de 309.000 toneladas
métricas (TM). Esta estimacién se obtuvo utilizando
el método de la produccién de huevos, en el cual la
biomasa se define como el cociente entre la produc-
cion diaria de huevos colectados en el océano y la
fecundidad especifica diaria de la poblacion.

En 1984, al igual que en 1983, la subpoblacion
central de la anchoveta del norte estuvo distribuida
mas lejos de la costa y mas al norte que en afios
anteriores. A lo largo de la parte sur de la Bahia del
Sur de California y, hacia el sur, ‘hasta la latitud de
Ensenada, hubo sefnales de desove. No se observaron
evidencias de aquél hasta 50 km mar adentro entre San
Diego y Ensenada. Pequeiias cantidades de desove se
detectaron en la vecindad de la costa entre las bahias
de San Francisco y Monterey, California, y entre
Cabo Colnette y Punta Baja, Baja California.

INTRODUCTION

This report documents the 1984 spawning biomass
estimate of the central subpopulation of the northern
anchovy (Engraulis mordax), as required by the most

[Manuscript received February 7, 1985.]

recent version of the Anchovy Management Plan
adopted by the Pacific Fishery Management Council
(PFMC 1983). In recent years the anchovy biomass
has been assessed using two ichthyoplankton-based
methods: larval census (Smith 1972; Stauffer and
Parker 1980; Stauffer 1980; Stauffer and Picquelle
1981) and egg production (Parker 1980; Stauffer and
Picquelle 1980; Picquelle and Hewitt 1983, 1984). The
larval census method assumes a constant proportional-
ity between larval abundance and spawning biomass,
whereas the egg production method measures and in-
corporates variability in the proportionality parameter.
Only the egg production method was used to calculate
the 1984 spawning biomass.

The egg production method defines spawning bio-
mass as the ratio of the daily production of eggs and
the daily specific fecundity of the adult population.
The daily production of eggs was derived from the
density of eggs sampled in an ichthyoplankton survey,
and from egg development rates as measured in the
laboratory. The daily specific fecundity of the anchovy
population was derived from adult fish sampled during
a trawl survey, which yielded estimates of average
female weight, batch fecundity, sex ratio, and the
proportion of females spawning each night. The two
samples were obtained concurrently on a survey con-
ducted during the seasonal peak of spawning.

This report describes the survey results, the egg
production estimate of spawning biomass, and the
variance of the estimate.

DESCRIPTION OF THE SURVEY

The 1984 survey was conducted by the NOAA ship
David Starr Jordan from February 7 through March
30, 1984. The survey area extended from San Francis-
co, California (38°N), to Punta Baja, Baja California
(30°N), approximately 250 km offshore in the main
spawning region. The station pattern (Figure 1) was
occupied from north to south, with the exception of
the area between San Diego and Punta Baja. During
the last portion of the survey, five station lines, spaced
40 miles apart and extending offshore, were occupied
while the ship worked to the south, and twelve inshore
lines, spaced 10 miles apart, were occupied while
northbound to San Diego.

Planktonic eggs were sampled at 938 stations (Fig-
ure 1) using a 25-cm-diameter net of 150-micron
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Figure 1. Geographic distribution of ichthyoplankton stations, anchovy
eggs, and surface isotherms.

mesh, retrieved vertically to the surface from a depth
of 70 m; anchovy eggs were found in 384 of the 938
plankton tows. Planktonic samples were collected at
all hours. Adults were sampled between 1800 and
0200 hours at 96 stations (Figure 2) using a 15-m’
trawl with a 2-mm mesh liner; anchovies were caught
in 66 of the trawl stations. (For a detailed description
of field operations, see Cruise Report 8403-JD, dated
May 31, 1984, William Flerx, Southwest Fisheries
Center, La Jolla, California).

The geographic distribution of anchovy eggs was
similar to that observed in 1983 and unlike previous
years. In both 1983 and 1984 the range extended
farther offshore, and a smaller proportion of eggs was
taken off Baja California than in previous years. The
distribution in 1984 was unique in that virtually no
spawning was evident within 50 km of the northern
coast of Baja California, although adult anchovies
were caught in this area. Farther south and separate
from the main spawning area, a few eggs were found
very near shore between Cape Colnette and Punta
Baja. Another inshore spawning area, separate from
the main area, was detected extending from Monterey
Bay to Point Reyes, north of the entrance to San
Francisco Bay. This localized area of spawning has
been evident in previous years. With the exception of
northern Baja California, where the sampled fish were
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Figure 2. Geographic distribution of trawl! stations.

immature, the occurrence of positive trawls agreed
well with the distribution of eggs. The egg and trawl
surveys appear to have provided good sample cover-
age of the central subpopulation of northern anchovy
in 1984.

There was an apparent correlation between the
northern edge of spawning and the 14.5° isotherm; no
correlation was evident along the southern boundary.
A correlation between the range of the spawning pop-
ulation and temperature isotherms has been noted in
previous years (Lasker et al. 1981; Picquelle and
Hewitt 1983).

BIOMASS MODEL

The egg production estimate of anchovy spawning
biomass and its variance is defined as:

kW 1
B = PARFS (D

Var (B) = B* X
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where B = spawning biomass in metric tons,
P, = daily egg production rate in number of
eggs per day per 0.05 m?,

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

R = female fraction of the population by
weight,

F = batch fecundity in number of eggs,

S = fraction of mature females spawning per
day, '

A = area of survey in units of 0.05 m’, and

k = conversion factor from grams to metric
tons (10-°* MT/g).

These expressions were developed by Parker (1980)
and Stauffer and Picquelle (1980) and were used by
Picquelle and Hewitt (1983, 1984).

DAILY PRODUCTION OF EGGS

The parameter P, A, the daily production of eggs, is
the survey area multiplied by the number of eggs
spawned per night per unit area, averaged over the
range and duration of the survey. Eggs were enumer-
ated by stage of embryonic development, and were
aged using temperature-dependent development rates
and assuming that spawning occurs at 2200 hours each

8¢ 1 1 1 1 1

Y San
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Figure 3. Subdivision of 1984 survey into strata (stratum 1 is the spawn-
ing area, and stratum 0 is devoid of eggs) and geographic regions
(north, central, and south).

night. An exponential mortality model was fit to the
egg data by assuming constant instantaneous rate of
mortality. The daily egg production rate was estimated
as the value of the predicted curve at the time of
spawning.

The egg counts were analyzed using a two-stage
systematic sampling scheme (Picquelle and Hewitt
1983). First, each station was assigned a weight pro-
portional to the area the station represents; second, the
stations were stratified by location, where stratum 1
was defined as the geographic area of spawning, and
stratum O was that area devoid of eggs (Figure 3). The
exponential mortality model

P, = Pl 3)

was fit to the data by a weighted nonlinear least

squares regression,

where P, = the number of eggs from the jth station of
age t,
t =the age in days measured as the elapsed
time from the time of spawning to the time of
sampling at the jth station (because 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, and
P,' = the daily egg production rate in stratum 1.

The data and fitted curve are described in Figure 4.
The daily egg production rate in stratum O is zero, and
the daily egg production rate for the total survey area

14 -

PRODUCTION RATE (eggs/day-0.05m2)

oFrrrrrrrr T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5

AGE (days)
Figure 4. Egg production curve. The data is summarized as the mean
abundance by half-day intervals, although the regression was fit 1o the

individual data points. A 95% confidence region for the regression
(broken line) is indicated.
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TABLE 1
Parameters for Computing the Daily Production of
Eggs
Stratum 0 Stratum | Total survey

P, 0 10.55 3.79
var (P,) 0 1.66 0.60
z 0 0.17 0.17
var (Z) 0 0.008 0.008
A 2.195 x 10" 1.231 x 10" 3.426 x 10"
P, A 12.98 X 10*-
var (P, A) 7.02x10*

and its variance (adjusted for postsurvey stratification;
Jessen 1978) is:

&:%m @)

Var(P,) = (1+ 1/n){(A/A) Var(F,")] (5)

where n = the total number of stations,
A, = the area of stratum 1, and
A = the total survey area.

The estimates for computing the daily production of
eggs and their variances appear in Table 1.

ADULT PARAMETERS W, F, S, AND R

The parameters W, F, S, and R were estimated from
a sample of adult anchovies collected by the midwater
trawl. Each parameter was estimated by a weighted

sample mean (y) with a weighted variance (Cochran
1963):

_ n m;
vy = )3 6
Y El (Mn Yi ©
Var(y = T [(%)2@7—?)2] %
nn—1)

where m; = the number of fish subsampled from the
ith trawl,
m = the average number of fish subsampled
per trawl,
n = the number of positive trawls,
y; = the average value for the jth trawl =
m;
S yj/m; and
j=1
y; = the observed value for the jth fish in the
ith trawl.
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Figure 5. Frequency distribution of average mature female weight per
trawl.
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Average Female Weight

The average female weight was calculated using the
above equations where y; was the average female
weight for the ith trawl. The desired subsample size
was 25 fish from each trawl; however, this was not
always possible for small trawl catches or for catches
composed predominately of immature fish. The
weight of females with hydrated eggs was adjusted for
the extra weight of the fluid in their ovaries by
measuring their ovary-free weight and estimating the
whole-body weight of a female without hydrated eggs.
The following regression, estimated from mature
females without hydrated eggs, was used:

W = —0.176 + 1.06 W* ®)

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

This regression had an r* = 0.998. The frequency
distribution of average weight per trawl is described in
Figure 5. the average female weight for the survey and
its variance are listed in Table 2.

Batch Fecundity

Batch fecundity for each mature female was esti-
mated from a regression of fecundity on ovary-free
weight estimated from a sample of 75 hydrated
females. The sample was selected so that the ovary-
free weight distribution was similar to the ovary-free
weight distribution of all the mature females (Figure
6). The regression model selected was:

F = —509 + 523 W* (9)
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TABLE 2
Estimates of Egg Production Parameters, Variances, and Coefficients of Variation
Coefficient
Parameter Value Variance of variation
Daily egg production (P, A) 12.98 2.51 12.2%
(10" eggs/day)
Average female weight (g) W) 12.0170 0.21047 3.8
Batch fecundity (eggs) (F) 5485. 96920. 5.7
Spawning fraction (day ') (S) 0.1597 0.00026 10.0
Female fraction (R) 0.5820 0.00095 5.3
Daily specific fecundity 42.433
(10° eggs/dayMT)
Spawning biomass (MT) (B) 306,000 2,547,706,812 16.5
B where F = estimated fecundity for a female with W*
250 - ovary-free weight (Figure 7). This regression had an r*
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Figure 6. Frequency distributions of ovary-free weight for the entire sur-
vey (top) and for the females with hydrated ovaries used to estimate the
batch fecundity/ovary-free weight regression.

= (.783. Average batch fecundity for the survey was
estimated using equation 6 where y; = F; and the
desired m; was 25 mature females. The variance esti-
mate (equation 7) was modified to include the extra
source of variance from the batch fecundity/ovary-free
weight regression (Draper and Smith 1966):

- " m; \2 (]T‘l._Fz)z S22 e~
Var(F) = 2 - ——— 4 — + (W*-W, *)ZVar(b)]}
arth) ,:1{(m) n-1 15 " (10)

n

where S, = 2,291,706 is the variance about the

regression,
W;* = average ovary-free weight for the ith
trawl,

W,* = 11.95 gr, average ovary-free weight of
@g 75 hydrated females used in the regression,
Var(b) = 1041, variance of the slope of the
regression, and

n = number of positive trawls.

The average batch fecundity for the survey and its
variance are listed in Table 2.

Spawning Fraction

The spawning fraction, §, and its variance were
estimated using equation 6 where y; = §; was the
proportion of mature females in the ith trawl that
spawned one night prior to capture (day-1 spawners).
The desired m; was 25 mature females. Based on
previous experience (Picquelle and Hewitt 1983), it
was suspected that females spawning on the night of
capture (day-O spawners) were oversampled by the
trawl, thus biasing the proportion of day-1 spawners.
To compensate for the potential bias, it was assumed
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that the true proportion of day-0 spawners was equal
to the observed proportion of day-1 spawners: the
value of m; in equations 6 and 7 is adjusted by deleting
day-0 spawners from the sample and equating the
number of day-0 spawners to the number of day-1
spawners, thus reducing the average subsample size,
m. The frequency distribution of the spawning fraction
per trawl is described in Figure 8; the estimated
spawning fraction for the survey and its variance are
listed in Table 2.

Female Fraction

The female fraction, R, was measured as the frac-
tion of females in the population by weight. Equations
6 and 7 were used by setting 3, = R;, where R; is the
estimated total weight of females in a subsample of 50
fish divided by the estimated total weight of the sub-
sample; m; was set equal to the total weight of the
subsample. The average male and female weights for
each trawl were estimated from 5 males and 25
females where the weight of any hydrated female was
adjusted using equation 8. The frequency distribution
of female fraction per trawl is described in Figure 9;
the estimated female fraction for the survey and its
variance are listed in Table 2.

BIOMASS ESTIMATE AND VARIANCE
The parameter estimates, their variances, coeffi-
cients of variation, and covariances are listed in

22

cundity on ovary-free weight fit to
75 females with hydrated ovaries.

Tables 2 and 3. The sample covariance terms were
calculated only for the adult parameters. Because the
daily egg production and the adult parameters were
estimated from different samples, it was not possible
to estimate their covariances, and they were assumed
to be zero. The biomass estimate and its variance were
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Figure 8. Frequency distribution of spawning fraction. Large portion of
lowest class represents nonspawning fish from off northern Baja Cali-
fornia.
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calculated using equations | and 2. The estimate of
spawning biomass was 306,000 MT, with a standard
error of 50,475 MT.

The survey was subsequently divided into three
geographic regions (Figure 3) corresponding to the
three distinct spawning areas. Daily egg production
and daily specific fecundity were calculated for each
region (Table 4). Because of the small number of
trawls in the north and south regions, the estimate of
the female fraction by weight (R) was unreliable; R
was thus estimated for the entire survey and was
assumed to be similar among regions. Since the pa-
rameter values for the three regions were very differ-
ent (Table 4), homogeneity could not be assumed.
Biomasses were calculated separately for each region
and were summed to produce the final estimate of
309,000 MT. This estimate is not very different from
the unregionalized estimate but should be more accu-
rate. | was not able to produce a corresponding esti-

TABLE 3
Covariances between Adult Parameters
F S R
Female weight (W) 103.341133 0.00061 0.00085401
Batch fecundity (F) 0.30792 0.43871200
Spawning fraction (S) —0.00009186

Female fraction (R)

mate of the total variance because some of the
variances and covariances could not be calculated for
the individual regions.

DISCUSSION

The 1984 estimate of the spawning biomass of the
central subpopulation of the northern anchovy is less
than half of the 1983 estimate (Table 5). Daily egg
production by the population is down 25% from 1983,
and the daily specific fecundity is up 75% from 1983.
The daily specific fecundity is the highest ever esti-
mated over the last five years and results from a high
spawning fraction and a high female fraction by
weight. Although the average female weight is slight-
ly larger than the 1983 value, both years are low
relative to the previous four surveys. Average batch
fecundity is not unusual for the average female
weight. This survey indicates that the spawning
population comprises predominately small, young
females with their center of distribution off southern
California.

The geographical distribution of anchovies found in
this survey agrees with an earlier report by the Califor-
nia Department of Fish and Game, (CDFG). K.F.
Mais (Cruise Report 84-X-1, CDFG, Long Beach,
California) conducted an extensive sonar and trawl
survey from Point Conception, California, south to
Punta Baja, Baja California, in February 1984. He
reported that the anchovy central subpopulation was
distributed more north and offshore than it was pre-

TABLE 4
Regional Estimates of Egg Production Parameters
Parameter North region Central region South region
Daily egg production (P, A) 2.00 5.42 0.14
(10" eggs/day)
Average female weight W 14.18 12.57 9.06
Batch fecundity (F) 6584 5752 4043
Spawning fraction (&) 0.1052 0.1748 0.0891
Female fraction R) 0.5820 0.5820 0.5820
Daily specific fecundity 28.44 46.57 23.15
Spawning biomass (B) 70,300 234,400 4,000
Total biomass 308,700 ‘
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TABLE 5
Time Series of Egg Production Parameters
1980 1981 1981 1982 1983 1984
(Feb.) (Apr.)

Daily egg production (P, A) 26.34 20.96 12.59 13.51 17.25 12.98
(10" eggs/day)

Average female weight W) 17.44 13.37 16.20 18.83 11.20 12.02

Batch fecundity (F) 7,751 8,329 8,846 10,845 5,297 5,485

Spawning fraction ) 0.142 0.106 0.125 0.120 0.094 0.160

Female fraction (R) 0.478 0.501 0.495 0.472 0.549 0.582

Daily specific fecundity 30.28 33.03 33.84 32.53 24.35 42.43
(10° eggs/day-MT)

Spawning biomass B) 870 635 372 415 652 309
(10° MT)

Calif. Dept. Fish and Game 498 493 233 461 479
acoustic biomass to to to to to
estimate 598 591 247 504 560
(10° MT)

vious to 1983. Mais estimated the biomass (including
immature nonspawning fish) to be between 479,000
and 560,000 MT (Table 5). He also reported evidence
of a relatively strong 1982 year class and weak 1981
and 1983 cohorts; fish of all ages were unusually
small. Since 1980, acoustic abundance estimates have
tended to be lower than those obtained by the egg
production method (Table 5). This year’s survey is
unusual in that the acoustic survey results are substan-
tially larger than the egg production method estimate.
The young, nonspawning fish observed off northern
Baja California, which were not included in the egg
production method estimate, may account for some of
this discrepancy.
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ABSTRACT

Empirical attempts to relate recruitment variation to
variability in the environment or in the biological
community have not been notably successful. This is
due in part to the very short data series generally
available for empirical analysis. Obviously, we must
develop generalizations to provide a basis for unifying
the available fragments of experience in a coherent
framework.

The ecosystems of the four major subtropical east-
ern ocean boundary regions, i.e., the California, Peru,
Canary, and Benguela current regions, appear to be
controlled by similar environmental dynamics (char-
acteristic late spring distributions of coastal tempera-
ture anomaly and Ekman transport for the four region-
al systems, supplementing previously reported winter
and summer distributions, are presented). These re-
gions contain very similar assemblages of exploitable
pelagic fishes, and exhibit comparable histories of
fishery growth and abrupt decline. The similarities
suggest that fish communities in these different sys-
tems may function alike with respect to their environ-
ments and may have reproductive strategies for similar
environmental problems. Because natural selection
implies that reproductive strategies are responses to
the most crucial factors regulating reproductive suc-
cess, compelling patterns of correspondence among
reproductive habits and environmental characteristics
are likely to reflect important causal mechanisms.
Such findings, which are independent of time series
results, furnish a guide for selecting variables for time
series modeling in a way that makes improved use of
the minimal degrees of freedom that are available.

Beyond comparisons of spawning habitat climatolo-
gy, it may be fruitful to compare actual time series
relationships among similar regional ecosystems (a
number of recent studies showing environmental/
biological relationships for eastern boundary pelagic
fishery stocks are cited). Under an assumption of
analogy, weak empirical relationships having a similar
general form in several systems could be assigned
greater confidence than otherwise warranted. Con-
versely, a high correlation found in one system might
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be questioned if no suggestion of a similar linkage
were found in other systems appearing to be analo-
gous. Arraying identically formulated empirical mod-
els from different regional systems might yield pat-
terns among model parameters that could provide
insights for predicting effects of human actions or
natural perturbations on a given system from the rec-
ord of previous similar events in other systems.

RESUMEN

Los intentos empiricos de relacionar las variaciones
en el reclutamiento con variaciones ambientales o en
las comunidades bioldgicas no han sido demasiado
exitosos. Ello se debe, en parte, a las series demasiado
breves de datos que generalmente se dispone para los
andlisis empiricos. Es obvio que debemos desarrollar
generalizaciones para proveer una base con el fin de
unificar los fragmentos de experiencia disponibles en
un marco de trabajo coherente.

Los ecosisternas de las cuatro principales regiones
de corrientes de margen oriental, i.e., California,
Perd, Canarias, y Benguela, parecen estar controlados
por esquemas dindmicos semejantes (se presentan las
distribuciones primaveral tardia caracteristicas de
anomalias térmicas costeras y transporte de Ekman en
los cuatro sistemas regionales, complementando la
informacion previa acerca de las distribuciones inver-
nal y estival). Estas regiones contienen conjuntos de
peces explotables muy semejantes e historias similares
en lo que se refiere al crecimiento y abrupta declina-
cién de las pesquerfas. Estas semejanzas sugieren que
las comunidades de peces en estos sistemas diferentes
pueden funcionar de manera semejante con respecto a
sus ambientes, y pueden tener estrategias reproduc-
tivas para problemas ambientales similares. Dado que
la seleccion natural implica que las estrategias repro-
ductivas consistan en respuestas a los factores mas
importantes que regulan el éxito reproductivo, los
obligatoriamente andlogos modelos de hébitos repro-
ductivos y de caracteristicas ambientales pueden refle-
Jjar mecanismos causales importantes. Estos hallazgos,
que son independientes de los resultados de las series
temporales, proveen una guia para seleccionar vari-
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ables para modelos de series de tiempo de manera tal
que se optimiza el aprovechamiento de la cantidad
minima de grados de libertad disponibles.

Mas alla de la comparacidn de la climatologia de los
habitat de desove, puede resultar provechoso compa-
rar las relaciones entre series de tiempo reales entre
ecosistemas regionales similares (se mencionan varios
estudios recientes que muestran las relaciones ambien-
tales/bioldgicas en stocks pesqueros peldgicos en areas
de margen oriental). Asumiendo la analogia, podria
asignarse mayor confianza a las relaciones empiricas
débiles que poseen un formato general semejante en
varios sistemas. Reciprocamente, una alta correlacion
en un sistema podria ser cuestionada si no se encuentra
evidencia de una vinculacién semejante en otros siste-
mas que parecen ser andlogos al primero. El ordena-
miento de modelos empiricos de formulacién idéntica
provenientes de sistemas regionales diferentes puede
brindar patrones entre los pardmetros de los models;
estos patrones podrian suministrar informacién util
para predecir los efectos del accionar humano o de las
perturbaciones naturales sobre un sistema dado, sobre
la base del registro de eventos anteriores semejantes.

INTRODUCTION

The recruitment problem, which has been called the
central problem of fish population dynamics (Beyer
1981), remains unsolved after decades of scientific
interest and effort. The term ‘‘recruitment’’ refers to
the quantity of younger fish surviving the various egg,
larval, juvenile, etc., stages to reach a size at which
they become susceptible to fishing gear and thus begin
to be sampled by the fishery. The term therefore inte-
grates the entire period during which the populations
are invisible to humans, between the formation of
reproductive products in the parental fishes and the
later remanifestation of these products as progeny of
harvestable size. It thus spans a lengthy continuum of
susceptibilities to mortality involving a great range of
processes by which the thousands of eggs spawned in
the lifetime of a given female must, on average, be
reduced to approximately two surviving adult fish.

As might be expected from such a tenuous chain of
circumstances, recruitment is notoriously variable. In
populations of fishes like anchovies, sardines, and
mackerels, the ratio between parental stock size and
resulting recruitment typically varies from year to year
by factors up to several hundred. Such extreme vari-
ability, since it cannot be accounted for mechanis-
tically, introduces a very large noise component into
fishery population time series, and largely obscures
the signals essential for managing human impacts on
the biological system. These signals include evidences
of stock-recruitment relationships, multispecies in-

teractions, etc.—knowledge of which could govern
fishery development and management strategies. In-
deed, the need to account for quasi-random, large-
amplitude variations in order to reveal essential
mechanisms responding to human alterations of
marine biological population structures probably pre-
sents, in many cases, a stronger argument for scien-
tific efforts on the recruitment question than does the
more often cited need for early prediction of a follow-
ing year’s recruitment. In recognition of the need for
progress in this area, an International Recruitment
Project (IREP) is the primary focus of the major new
international program Ocean Science in Relation to
Living Resources, cosponsored by the Intergovern-
mental Oceanographic Commission and the Food and
Agriculture Organization of the United Nations (Anon
1985). For CalCOFI, in particular, the recruitment
question could be considered the core scientific issue
(Marine Research Committee 1950).

There seems to have been a remarkable lack of
progress since the importance of the recruitment prob-
lem was recognized early in this century. However,
when one considers the nearly total lack of direct
information about the fairly complex series of events
involving nutrition and associated growth or starva-
tion; predation (which is size-dependent and therefore
growth-dependent); transport processes (perturbations
of which may disrupt well-tuned adaptations for plac-
ing large numbers of individuals in proper habitats for
required life-cycle transitions); physiological stresses;
etc., the problem’s resistance to solution is not so
surprising (Table 1). In addition, even where some
data are obtainable, difficulties in coping with the
interference of strong intrinsic annual periodicities has
led to a conventional practice of pooling shorter-scale
variations into annual composites; this has further ex-
acerbated the difficulties of empirical analysis by (1)
lowering the available signal-to-noise ratios in both
environmental and biological time series, (2) severely
limiting the number of data points available in rea-
sonably stationary time series, and (3) scrambling
together different causal mechanisms controlling
different shorter-period survival variations within the
same annual composite data point.

Because of the wide variety of possible linkages of
environmental fluctuations to recruitment variations
(Table 1), and because a variety of oceanographic, me-
teorological, or other proxy time series may be avail-
able to somehow be associated with one or more of
these linkages, correlations with short available series
of annually composited survival estimates can gener-
ally be found and readily justified according to some
ecological mechanism. When such a correlation hap-
pens to be high enough to meet standard significance

31



BAKUN: COMPARATIVE STUDIES AND THE RECRUITMENT PROBLEM

CalCOFI Rep., Vol. XXVI, 1985

TABLE 1
Some Hypothetical Controls on Survival of
Early Life Stages of Fishes

I. Starvation hypotheses
* Turbulent mixing of fine-scale food particle strata
* Low productivity of system
* Wrong type of potential food organisms
* Dispersion of food due to divergent flow pattern
» Mismatch with seasonal food succession caused by
anomalies in growth rate

II. Predation hypotheses
* Incidence of small planktonic predators
* Incidence of large planktonic predators
(coelenterates, etc.)
* Incidence of predatory adult fish
* Incidence of predatory larval fish
* Variations in growth with size-dependent predation

III. Advection hypotheses
« Offshore transport (removal of drifting larvae from
favorable habitat)
* Onshore transport (exposure of larvae to damage in
surf zone, etc.)
* Disruption of normal current patterns to which
reproductive habits are tuned

IV. Physiological stress hypotheses
* T, S, or [0,] conditions not within physiological range
* Effects of environmental pollution

V. Disease hypotheses
¢ Infectious outbreaks, etc.

criteria, it becomes publishable as an advance in sci-
entific understanding, whereas slightly weaker corre-
lations do not. This happens even though, given the
complexity of the ecological systems involved, it may
be quite unreasonable to expect such overwhelming
control of survival by any single environmental vari-
able or process as to yield significant (e.g., P <0.05,
etc.) nonspurious correlations from the very short data
series typically available, particularly since the real
degrees of freedom in both environmental or biolog-
ical time series are often substantially fewer than the
number of annual data points because of interyear
serial correlation.

Thus, we have the situation that most of the pub-
lished empirical environment/recruitment relation-
ships are probably (at least to some degree) spurious,
with others that may have represented realistic levels
of linkage having been discarded as nonsignificant.
Tacit recognition of this situation by the fisheries
science community has led to a general low opinion of
such relationships, with the result that they are not
often used in serious decision-making procedures and
thus presently are of little practical value.

The following sections of this paper attempt to
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illustrate a rationale for interregional comparative
studies directed toward (1) providing a framework for
systematizing fragmentary information and insights in
order to foster useful generalities concerning physical,
biological, and (most important for management ac-
tivities) human impacts on recruitment, and (2) devel-
oping a basis for detecting spurious relationships and
for increasing confidence in certain weak relationships
by comparisons with similar situations in other region-
al ecosystems. Objections regarding the possibility of
discrediting certain valid relationships in situations
where the assumption of analogy may be faulty can be
answered with the observation that such relationships
are essentially useless anyway in a situation where the
valid cannot be distinguished from the spurious.

The comparative method and the experimental
method are the two great methods of science (Mayr
1982). The comparative method is particularly indi-
cated in situations not amenable to controlled experi-
ments, and it has underlain nearly all the revolutionary
advances in evolutionary biology, to cite one exam-
ple. It seems surprising that the method has not found
wider use in the fishery-environmental field, which
appears to have been preoccupied with diversity rather
than synthesis, and prone to view each local situation
as unique.

COMPARATIVE SPAWNING HABITAT
CLIMATOLOGY

Parrish et al. (1983) presented maps of two-month
(Jan.-Feb. and July-Aug.) long-term mean distribu-
tions of various environmental characters for the four
major eastern boundary regions of the world: the Cali-
fornia, Peru, Canary, and Benguela current systems.
These maps generally represented seasonal extremes
in each system; however, peak upwelling in the
temperate areas is generally earlier toward the equator.
The summer and winter maps of Parrish et al. are
supplemented here by characteristic late spring (May-
June, N. Hemisphere; Nov.-Dec., S. Hemisphere)
distributions of coastal temperature anomaly (Figure
1) and Ekman transport (Figure 2).

Negative coastal temperature anomalies greater
than 2°C (i.e., 2 degrees cooler than at the same
latitude some 1,000 km offshore; stippled in Figure 1)
delimit the major upwelling centers. Note the definite
separation of the two distinct major upwelling regions
off South America. Warm anomalies (areas of positive
anomaly greater than 1°C are diagonally hatched in
Figure 1), or areas where cold anomalies are less
intense, often correspond to spawning regions of
coastal pelagic fishes (Parrish et al. 1983). Ekman
transport vectors illustrate the strong offshore surface
transport that must be accommodated in reproductive
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Figure 1. Coastal temperature anomaly (difference from characteristic temperature at similar latitude some ten degrees longitude offshore) distributions
in the four major eastern boundary current systems, characterizing late spring conditions in the respective hemispheres. Units are degrees Celsius.
Corresponding winter and summer maps, and details of their construction, are presented by Parrish et al. (1983).
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Figure 2. Surface Ekman transport distributions in the four major eastern boundary current systems, characterizing late spring conditions in the
respective hemispheres. Transport is proportional to vector symbol length. A symbol length scale is provided; units are metric tons per second across
each horizontal meter width. Corresponding winter and summer maps, and details of their construction, are presented by Parrish et al. (1983).
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TABLE 2
Dominant Anchovy, Sardine, Jack (Horse) Mackerel,
Hake, Mackerel, and Bonito in the Four Major Eastern
Boundary Currents

California Current Canary Current

Engraulis mordax
Sardinops sagax
Trachurus symmetricus
Merluccius productus
Scomber japonicus
Sarda chiliensis

Engraulis encrasicholus
Sardina pilchardus
Trachurus trachurus
Merluccius merluccius
Scomber japonicus
Sarda sarda

Peru Current Benguela Current

Engraulis ringens
Sardinops sagax
Trachurus symmetricus
Merluccius merluccius
Scomber japonicus
Sarda sarda

Engraulis capensis
Sardinops ocellatus
Trachurus trachurus
Merluccius capensis
Scomber japonicus
Sarda sarda

After Bakun and Parrish (1980)

strategies of marine organisms inhabiting these re-
gions (Figure 2). In addition, McLain et al. (1985) and
Shelton et al. (1985) show that biological communi-
ties, not only in the Pacific systems but apparently
also in the Atlantic, must cope with intermittent ex-
treme warm episodes of El Nifio-type intensity.

Very similar assemblages of dominant coastal pe-
lagic fish species inhabit the four regions (Table 2). In
each region there is a dominant anchovy, sardine, jack
mackerel, hake, mackerel, and bonito. In several
cases, the same nominal species inhabits more than
one of the regions. In other cases, the species are so
similar that their difference may be more a matter of
assumption than of demonstration (R.H. Parrish, pers.
comm.). There have also been similar regional experi-
ences of rapid fishery expansions and precipitous de-
clines (Parrish et al. 1983).

The various environmental and biological similar-
ities suggest that fish communities in these different
regional systems may function similarly with re-
spect to their environments and may be solving similar
problems in their reproductive strategies. Survival of
offspring to the age of reproduction, which often
approximates the age of fishery recruitment, is the
direct causative factor in the selective process. Thus
natural selection demands response to the most crucial
mechanisms regulating recruitment. This implies that
we can use the observed results of natural selection in
terms of geographical and seasonal aspects of re-
productive strategies to understand the causes control-
ling reproductive success. In other words, pervasive
patterns of reproduction. with respect to environmen-
tal characteristics, may indicate the actual environ-
mental mechanisms regulating recruitment success.

For example, Parrish et al. (1983) found a general
pattern in the spawning habits of anchovies and sar-
dines that seemed to point to a simultaneous mini-
mization of both wind-induced turbulent mixing and
offshore-directed transport. Thus the starvation hy-
pothesis, as expressed in Lasker’s (1981) scenario of
turbulent dispersion of fine-scale food strata, and the
transport hypothesis, involving detrimental transport
of larvae away from favorable proximity to the coast,
are implicated as important mechanisms to be consid-
ered in modeling and exploratory data analysis.
Temperature of spawning showed much less coherent
pattern, suggesting that selection of spawning habitat
for any particular optimum temperature is less impor-
tant than minimizing turbulent mixing or offshore
transport.

Certain initially puzzling discrepancies from the
general patterns have proved enlightening. For exam-
ple, Bakun and Parrish (1982) reported that the Peru-
vian anchoveta, by far the largest fish stock on record
before its collapse, stood out as an anomaly in that its
spawning peak during austral winter occurred at the
very season when offshore Ekman transport was most
intense (Figure 3; Table 3), rather than when it was
relatively weak, as is the general pattern. However,
when mixed layer depth climatologies were produced
for the various regions (Parrish et al. 1983), the dis-
crepancy was apparently resolved. Seasonal variation
of mixed layer depth off Peru proceeds in phase with
that of transport but has greater amplitude (Figure 4),
with the result that the thinner mixed layer of austral
summer is apparently carried offshore some four times
as fast as is the deeper winter mixed layer (Figure 5),
even though the winter transport (by volume) is nearly
twice as large. Thus the spawning season does indeed
appear to be tuned to minimize the rate of offshore
loss of eggs and larvae within the ocean’s upper mixed
layer. This resolution of what initially seemed a dis-
crepancy of a single situation from the general pattern
has thus pointed out the generality that, in treating the
mechanism of offshore loss of reproductive products
distributed in the mixed layer, estimates of wind-
driven surface (Ekman) transport should ideally be
divided by the effective mixed layer depth to yield an
Ekman velocity of the mixed layer'. In this way we are
able to combine two environmental variables to yield a

'In the statement that these two variables should ideaily be combined, the qualifica-
tion “‘ideally’’ is important. Ekman transport is estimated from relatively abundant
surface wind reports, which reflect the fairly large spatial scales of atmospheric
variation. Mixed layer depth varies on much shorter oceanic length scales and must be
determined from more sparsely distributed subsurface measurements. Thus there may
be cases where the effective mixed layer depth is so imprecisely determined that the
combined variable yields a less reliable indicator of interyear variation of offshore
velocity than would be provided by the interyear variation in the Ekman transport
estimate itself.
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Figure 3. Offshore-directed Ekman transport within the spawning
grounds of the Peruvian anchoveta (Chimbote) and within the spawn-
ing grounds of the central and southern subpopulations of (California
Current) northern anchovy, by 2-month segments of the annual cycle.
Units are scaled relative to the seasonal maximum in each area, which
is assigned the value 1.0 in all three locations in order to scale them
similarly (and thereby to emphasize seasonal timing rather than abso-
lute magnitude). Timing of seasonal peak spawning in the two systems
is indicated by the wide arrows. (See Table 3 for unscaled numerical
values.)

single more meaningful variable, thereby conserving
degrees of freedom for improving the power of
hypothesis tests.

The major point to be made is that such findings,
which are based on patterns in the long-term compos-
ite averages, are independent of any results based on
examination of the available time series data. Thus the
findings provide a guide to selecting variables for time

AT CHIMBOTE

M MIXED LAYER
DEPTH

M OFFSHORE
TRANSPQRT
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5-6 7-8 9-1011-12 1-2

Figure 4. Offshore-directed Ekman transport and mixed layer depth with-
in the spawning grounds of the Peruvian anchoveta, by 2-month seg-
ments of the annual cycle. Units are scaled relative to the respective
seasonal maxima, which are assigned the value 1.0 in both cases in
order to place both on a common scale (and to thereby emphasize
seasonal timing rather than absolute magnitude). (See Table 3 for
unscaled numerical values).

series analysis so that the selection process itself does
not deplete the scarce degrees of freedom. One could
say that the observed characteristic seasonality and
geography of reproductive strategies results from a
large number of ‘‘trial-and-error experiments’’ per-
formed by the population over the period of develop-
ment. Moreover, natural selection ensures that this
observed result is the ‘‘most correct’’ one for the fish,
at least in the long term (providing that we are observ-
ing truly long-term adaptations).

TABLE 3
Actual (Unscaled) Values Used to Construct Figures 3, 4, and 5

Transport (T sec™' m™")

Months 1-2 3-4 5-6 7-8 9-10 11-12
Chimbote 1.1 1.7 1.8 1.8 1.7 1.4
S. Calif. Bight 0.2 0.4 0.3 0.3 0.2 0.2
S. Baja Calif. 0.7 1.1 1.2 0.8 0.7 0.7
Mixed Layer Depth (m)
Months 1-2 3-4 5-6 7-8 9-10 11-12
Chimbote 7 12 29 40 23 12
S. Calif. Bight 37 25 11 10 14 20
S. Baja Calif. 45 23 18 9 20 34
Net Offshore Velocity of Mixed Layer (km day ')
Months 1-2 3-4 5-6 7-8 9-10 11-12
Chimbote 13.6 12.2 5.4 3.9 6.4 10.1
S. Calif. Bight 0.5 1.4 2.4 2.6 1.2 0.9
S. Baja Calif. 1.3 4.1 5.8 7.7 3.0 1.8

Transport and mixed layer depth climatologies taken from Parrish et al. (1983); offshore velocities computed as the quotient of the two.
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Figure 5. Offshore-directed velocity of the surface mixed layer (Ekman
transport divided by mixed layer depth) within the spawning grounds of
the Peruvian anchoveta (Chimbote) and of the central and southern
subpopulations of (California Current) northern anchovy, by 2-month
segments of the annual cycle. Units are scaled relative to the seasonal
maximum in each area, which is assigned the value 1.0 in all three
locations in order to scale them similarly (and thereby to emphasize
seasonal timing rather than absolute magnitude). Timing of seasonal
peak spawining in the two systems is indicated by the wide arrows. (See
Table 3 for unscaled numerical values.}

Thus any empirical relationship based on short time
series of recent data on reproductive success and on
variations in some environmental characteristic, not
corroborated by any apparent reproductive accom-
modation to that characteristic, might be of question-
able validity. Conversely, an empirical relationship
reflected in what seems to be an obvious adaptation in
characteristic reproductive habits could be assigned
increased confidence. This line of reasoning seems
applicable even to a unique situation where no
assumed analogues are available for comparison, but
the comparative aspect introduces a more powerful
test. For example, an apparent adaptation may be
mere happenstance in a single situation. However,
given the regional diversity introduced by varying
coastline orientations, atmospheric regimes, advected
characteristics, etc., it is unlikely that strong interre-
gional correspondence of reproductive habits with en-
vironmental characteristics is due merely to happen-
stance. Therefore, recognition of such an interregional
pattern provides much stronger confirmation of real
mechanistic linkage. And, as noted in the Introduc-
tion, the present need in recruitment research is for
any substantial error to be on the side of undue conser-
vatism and rigor, if results are to be applicable to real
problems.

At Pacific Environmental Group we are presently
entertaining the notion that the coastal pelagic fishes

of the more tropical eastern boundary areas (the sar-
dinellas, etc.) may be playing the same basic survival
‘‘game’’ as those (sardines, anchovies, etc.) in the
temperate zones, but at a warmer temperature range.
If this is even partially true, the Angola, Guinea, and
Costa Rica Dome coastal regions, the Ivory Coast-
Ghana upwelling region, the Malabar Coast of India,
etc., would provide another set of spawning habitat
seasonalities and geographies with which to sharpen
these interpretations. Other possibilities for instructive
analogues include such western ocean boundary
stocks as the Brazilian sardinella and the Japanese
sardine; in these cases, basic differences in the en-
vironmental dynamics of the systems should be care-
fully evaluated.

COMPARATIVE TIME SERIES MODELING

Beyond comparisons of long-term mean character-
istics of spawning habitats and biological conse-
quences, it may be fruitful to compare empirical (time
series) models among similar regional systems. There
have been a number of published suggestions of en-
vironmental/biological relationships. (Some of the
more recent examples for eastern boundary coastal
pelagic fishery stocks are cited in Table 4.) Formula-
tions and points of view have differed greatly among
researchers concerned with the different regional sys-
tems. For example, I believe that Boyd’s (1979) for-
mulation in terms of sea-temperature variance, the
results of which suggest Lasker’s (1981) mechanism of
turbulent dispersion of fine-scale food concentrations,
has not been tried in the California Current or the other
systems.

Systematic comparisons of identical empirical mod-
el formulations for all available ‘‘analogous’’ situa-
tions might yield suggestive patterns among model
parameters to provide new insights into the processes
controlling the biological systems. The comparisons
could also yield information about the validity of
attempts to transfer ‘‘experience’’ among systems
(e.g., predicting consequences of human actions or
natural perturbations in one system from the record of
similar events in other systems, etc.). Under an
assumption of analogy, empirical relationships having
a similar general form in more than one system might
be correctly afforded greater interest and confidence
than otherwise warranted. Conversely, a correlation
found in one system might be considered questionable
if no suggestion of similar linkage were found in oth-
er systems appearing, in other respects, to function
analogously.

For example, consider the following set of formula-
tions (the variables illustrated in this example are
perhaps most suitable to anchovies)
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where R; is recruitment to a given fish stock

log (R,/Sl) = a1,i+B1,iS,¢ y OéCél
log (R/S;) = a2+ By,

lOg (R,/S,) = a3,,-+B3,,»L~4,-'

log (R,/S,) = a4,,-+B4,,-W,<

log (R/S;) = as;+Bs,T;

log (R/S;) = as,;+ Be, i

log (R4S) = ay; +B;Si +Biiy
log (R/S) = am+1.i+Bj+1,iSiC +Bii i

cerry

r,
S; is adult stock size,

u; is upwelling index coincident in time and
space with spawning (we might generally
expect strong upwelling to be a detrimental
factor, involving loss of eggs and larvae via
offshore transport),

it; is a properly space- and time-lagged upwell-
ing index that would reflect longer time-scale
nutrient inputs to the system at upstream up-
welling centers,

W, is wind-generated turbulence input to the
larval habitat (motivation for the choice of
variables u;, &t;, and w; can be found in Bakun
and Parrish 1980),

T, is an index of characteristic temperature,

T; 1S temperature variance as used by Boyd
(1979), etc.

The dots indicate that other hypothesized fac-
tors and combinations of factors would also be
considered.

The log (R/S) formulation simply connotes a
multiplicative effect of the explanatory vari-

TABLE 4
Examples of Recent Studies Indicating Environmental/Biological Relationships for
Eastern Boundary Current Pelagic Fishery Stocks

California Current

Canary Current

Lasker (1981)—northern anchovy (Engraulis mordax)—negative
effect of wind-generated turbulence (wind cubed index) during
spawning season.

Parrish and MacCall (1978)—Pacific mackerel (Scomber
Japonicus)—positive effect of upwelling (index) at spawning
ground previous to spawning (one-month lag).

Bakun and Parrish (1980)—Pacific sardine (Sardinops
sagax)—rpositive effect of upwelling (index) in upwelling
maximum region upstream of spawning grounds (800-km spatial
lag) integrated over previous calendar year (2- to 14-month
spatial lag).

Bailey (1981)—Pacific hake (Merluccius productus)—negative
effect of offshore transport (upwelling index) during planktonic
larval period.

Collins and MacCall (1977)—Pacific bonito (Sarda
chiliensis)—positive effect of upwelling (index) during spawning
season.

Peru Current

Various authors—anchoveta (Engraulis ringens)—negative
effect of El Nifio (often attributed to lowered primary
productivity).

Benguela Current

Boyd (1979)—Southwest African anchovy (Engraulis capensis)
—negative effect of sea-surface temperature variance during
spawning season.

Belveze and Erzini (1983)—sardine (Moroccan central zone;
Sardina pilchardus)—positive relation of catches to upwelling
(index) averaged over the three previous spawning seasons (catch
is composed of one- two-, and three-year-olds).—mixed small
pelagics (Moroccan northern zone; mostly S. pilchardus)—high
catches in low-rainfall years.

Fre6n (1983)—sardinella (Senegal)—positive relation of CPUE
to wind speed during upwelling season (previous winter); author
suggests autocorrelation in wind series as explaining a
recruitment effect.

Guinea Current

Bakun (1978)—Ghanain herring (Sardinella aurita)—negative
relation of catch to rainfall and sea-surface temperature (related
to upwelling).

Binet (1982)—sardinella (Ivory Coast and Ghana; S. maderensis
and S. aurita)—positive effect of upwelling (temperature index)
and negative effect of coastal runoff on catch.

Cury and Roy*—sardinella (Ivory Coast and Ghana; S
maderensis and S. aurita)—positive effect on catch and on
reproductive success of local upwelling (temperature index),
which is related to remote forcing by wind stress variations in the
western equatorial Atlantic (i.e., off Brazil).

*Cury, P., and C. Roy. MS. Modelisation de I’abondance des especes pelagiques cotieres de Cote d’Ivoire integrant I’effort de peche et un
indice d’'upwelling ORSTOM, 24 Rue Bayard, 75008 Paris, France.
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ables; i.e., if an increase of a given variable
were to double predicted survival per unit
spawning biomass, then an equal decrease
would halve predicted survival rather than re-
duce it to zero, as would be required by an
additive (i.e., nonlogarithmic) formulation.
The exponent ¢ represents MacCall’s (1980)
suggestion for the incorporation of variable
habitat dimension in a density-dependent
mechanism such as adult cannibalism (where if
¢ = 1, there is no habitat size variation and
the result is a normal Ricker curve; if ¢ = 0,
the habitat size is proportional to stock size and
therefore density does not increase with abun-
dance, so that there is no stock-size depen-
dence through the density-dependent mecha-
nism; 0<c<1 implies the less-than-proportion-
al increase of habitat volume with stock size,
which fits observation).

The set of formulations would then be fitted to the
available data for various ‘‘analogous’’ stocks in simi-
lar environmental settings. Thus we fit univariate re-
gressions, and then various multiple regression com-
binations of the selected explanatory variables, for
each stock and spawning habitat. Then we array the
total set of model parameters for the various stocks
and look for informative patterns.

Obviously, among a large number of models like
this, a certain number of fits satisfying significance
criteria will always appear, if only by chance corre-
spondence of unrelated variations. For example, if one
does not find at least one fit at the P = 0.05 signifi-
cance level out of twenty attempts, one is simply
unlucky. But even if each researcher were limited
scrupulously to a prior choice of a single formulation,
it would not necessarily improve the utility of pub-
lished results; we have no idea of how many unpub-
lished failures to meet significance criteria may have
occurred for each publishable success. In fact, given
the multitude of possible interactions with growth,
predation, transport processes, physiological stress,
etc., at various life stages, it seems almost inconceiv-
able that any one mechanism could so dominate total
survival as to yield a strong univariate relationship that
was not to some degree spurious. Thus, searching for
“significant” empirical relationships may be an exer-
cise in self-delusion. If the weaker relationships that
may represent realistic levels of control by particular
mechanistic linkages are to be usable, ways must be
found to cull out the larger number of spurious chance
fits resulting from relaxed significance criteria. If one
finds patterns of similar form among relationships,
similar signs of model parameters, etc., for analogous

situations, even though the relationships are too weak
individually to meet ordinary significance criteria,
valuable insight may have been gained. If nothing is
found but chaos suggesting unrelated random com-
binations, one might conclude that little confidence
should be placed in any such models based on the
really inadequate degrees of freedom represented by
short autocorrelated recruitment time series.

CONCLUDING REMARKS

This paper is intended to serve as the convener’s
introduction to the invited papers for the Symposium
on Comparative Studies of Eastern Ocean Boundary
Systems at the 1984 CalCOFI Conference. Certain of
these introductory remarks may seem negative; their
purpose is to indicate that at this stage in the develop-
ment of fisheries/environmental science, the likeli-
hood that there is no such thing as an exact analogy
among large marine ecosystems does not rule out
interregional comparison as a useful deductive tool. In
using interregional comparison as a gauge for validity
of findings, inconsistency with an interregional pat-
tern is of course no proof of spuriousness; however,
interregional consistency may provide otherwise un-
available support for a statistically weak but potential-
ly useful result.

In view of the great resources required for experi-
ments covering the range of time and space in recruit-
ment variability of a fish stock, the cost-effectiveness
of the comparative approach deserves mention. In
many cases the observational investment will already
have been made. Maritime reports (such as those used
in the construction of all the figures in this paper) are
available, at varying density, for all the oceans of the
world. Some fishery research studies will have been
made in any area containing a substantial exploited
fish stock. Thus the costs of a rudimentary compara-
tive study may be little more than those involved in
acquiring existing data and arraying them in similar
formats.

Fishery/environmental science clearly needs gener-
alities and unifying principles with broad applicabil-
ity. Consider, for example, the situation at the FAO
Technical Consultation to Examine Changes in
Abundance and Species Composition of Neritic Re-
sources (held in Costa Rica in 1983) where, at a major
gathering of fishery scientists from all over the world,
no consensus could be found (e.g., Bakun 1983) as to
the probable consequences of continuing to take rec-
ord sardine catches off northern Chile in the presence
of the 1982-83 El Niiio, even then recognized as the
strongest environmental anomaly in the eastern Pacific
for at least fifty years. We certainly expect that valid
generalities do exist in the fishery/environmental
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field, as in other branches of science. Identifying them
and making them available for fishery management
and industrial decision making should be given high
priority.

The following symposium papers present selected
comparative aspects of the four major eastern ocean
boundary ecosystems of the world and their associated
fisheries. No attempt has been made to assemble a
comprehensive and coherent comparative treatment.
Our purpose is to provide some examples of ongoing
comparative research, some useful insights into the
degree of analogy presented by these four similar
systems, and some basic information to aid compara-
tive interpretation and deduction. Most important, we
hope to stimulate fisheries scientists to maintain a
comparative focus in their research efforts.

LITERATURE CITED

Anonymous. 1985. IOC-FAO Guiding Group of Experts on the Pro-
gramme of Ocean Science in Relation to Living Resources, Reports of
meetings of experts and equivalent bodies SC-85/WS/18. Intergovern-
mental Oceanographic Commission, Unesco, Paris, 35 p.

Bailey, K.M. 1981. Larval transport and recruitment of Pacific hake
Merluccius productus. Mar. Ecol. Prog. Ser. 6:1-9.

Bakun, A. 1978. Guinea Current upwelling. Nature 271:147-150.

. 1983. Part III—Report of the working group on environmental
studies and monitoring. /n G.D. Sharp and J. Csirke (eds.), Reports of
the expert consultation to examine changes in abundance and species
composition of neritic fish resources, San José, Costa Rica, April 1983.
FAO Fish. Rep. 291(1):41-54.

Bakun, A., and R.H. Parrish. 1980. Environmental inputs to fishery
population models for eastern boundary current regions. {n G.D. Sharp
(ed.), Workshop on the effects of environmental variation on the surviv-
al of larval pelagic fishes, Lima, Peru, April-May, 1980. 10C Workshop
Rep. 28, Unesco, Paris, p. 67-104.

. 1982. Turbulence, transport, and pelagic fish in the California
and Peru Current systems. CalCOFI Rep. 23:99-112.

Belveze, H., and K. Erzini. 1983. The influence of hydroclimatic factors
of the availability of the sardine (Sardina pilchardus Walbaum) in the
Moroccan Atlantic fishery. /n G.D. Sharp and J. Csirke (eds.), Proceed-
ings of the expert consultation to examine changes in abundance and

40

species composition of neritic fish resources, San José, Costa Rica,
April 1973. FAO Fish. Rep. 291(2):285-327.

Beyer, J.E. 1981. Aquatic ecosystems—an operational research approach.
Univ. Wash. Press, Seattle, 315 p.

Binet, D. 1983. Influence des variations climatiques sur la pecherie des
Sardinella aurita ivoiro-ghanéennes: relation sécheresse-surpeche.
Oceanologica Acta 5(4):443-452.

Boyd, A.J. 1979. A relationship between sea surface temperature variabil-
ity and anchovy Engraulis capensis recruitment of Southwest Africa,
1970-1978. Fish. Bull. S. Afr. 12:80-84.

Collins, R.A., and A.D. MacCall. 1977. The California Pacific Bonito
resource, its status and management. Calif. Dept. Fish Game, Mar. Res.
Tech. Rep. 35, 39 p.

Fréon, P. 1983. Production models as applied to sub-stocks depending on
upwelling fluctuations. /n G.D. Sharp and J. Csirke (eds.), Proceedings
of the expert consultation to examine changes in abundance and species
composition of neritic fish resources, San José, Costa Rica, April 1983.
FAO Fish. Rep. 291(3):1047-1064.

Lasker, R. 1981. Factors contributing to variable recruitment of the north-
ern anchovy (Engraulis mordax) in the California Current: contrasting
years, 1975 through 1978. In R. Lasker and K. Sherman (eds.), The
early life history of fish: recent studies. The Second ICES Symposium,
Woods Hole, Mass., April 1979. Rapp. P.-v. Réun. Cons. Int. Explor.
Mer 178:375-378.

MacCall, A.D. 1980. The consequences of cannibalism in the stock-
recruitment relationship of planktivorous pelagic fishes such as En-
graulis. In G.D. Sharp (ed.), Workshop on the effects of environmental
variation on the survival of larval pelagic fishes, Lima, Peru, April-
May, 1980. IOC Workshop Rep. 28, Unesco, Paris, p. 201-220.

Marine Research Committee. 1950. California Cooperative Sardine Re-
search Program progress report 1950. California State Printing Office,
54 p.

Mayr, E. 1982. The growth of biological thought. Harvard Univ. Press,
Cambridge, Mass., 974 p.

McLain, D.R., R. Brainard, and J. Norton. 1985. Anomalous warm events
in eastern boundary current systems. CalCOFI Rep. 26:(this volume).
Parrish, R.H., and A.D. MacCall. 1978. Climatic variation and exploita-
tion in the Pacific mackerel fishery. Calif. Dept. Fish Game, Fish. Bull.

167, 109 p.

Parrish, R.H., A. Bakun, D.M. Husby, C.S. Nelson. 1983. Comparative
climatology of selected environmental factors in relation to eastern
boundary pelagic fish reproduction. In G.D. Sharp and J. Csirke (eds.),
Proceedings of the expert consultation to examine changes in abundance
and species composition of neritic fish resources, San José, Costa Rica,
April 1983. FAO Fish. Rep. 291(3):731-777.

Shelton, P.A., A.J. Boyd, and M.J. Armstrong. 1985. The influence of
large-scale environmental processes on neritic fish populations in the
Benguela Current system. CalCOFI Rep. 26:(this volume).



PICAUT: MAJOR DYNAMICS AFFECTING THE EASTERN TROPICAL ATLANTIC AND PACIFIC

CalCOFI Rep., Vol. XXVI, 1985

MAJOR DYNAMICS AFFECTING THE
EASTERN TROPICAL ATLANTIC AND PACIFIC OCEANS

JOEL PICAUT'
Laboratoire d’'Océanographie Physique
Université de Bretagne Occidentale
29200 Brest, France

ABSTRACT

Despite their difference in size, the Pacific and
Atlantic oceans have eastern tropical regions that
are similar, especially in their dominant dynamics.
Both regions are primarily influenced by remote wind
stress effects through equatorial wave dynamics.
However, the eastern equatorial Pacific is dominated
by an interannual time scale (i.e., El Nifno), whereas

the eastern tropical Atlantic is dominated by a sea-.

sonal time scale. In both of these oceans, the Equato-
rial Undercurrent impinging upon the eastern bound-
ary is associated with an important westward zonal
pressure gradient—a gradient that is not in equilib-
rium with the local wind stress. Two other subsurface
currents—the northern and southern equatorial under-
currents—play a role in the formation of the Guinea,
Angola, and Costa Rica domes. All these common
dynamic processes are important to the nutrient en-
richment of both eastern boundary oceans.

RESUMEN

A pesar de sus diferencias en magnitud, los océanos
Pacifico y Atladntico poseen regiones tropicales or-
ientales semejantes, especialmente en lo que se re-
fiere a sus caracteristicas dindmicas mds importantes.
Ambas regiones estan influenciadas principalmente
por los efectos remotos de la perturbacién del viento a
través de la dindmica de olas ecuatoriales. Sin embar-
go, el Pacifico ecuatorial oriental estd dominado por
una escala temporal interanual (i.e., El Nifio), mien-
tras que el Atlantico tropical oriental estd dominado
por una escala temporal estacional. En ambos océanos
la Corriente Ecuatorial Subsuperficial que avanza
sobre el margen oriental estd asociada con un impor-
tante gradiente zonal occidental de presion, gradiente
que no estd en equilibrio con la perturbacion local del
viento. Otras dos corrientes subsuperficiales, las
ecuatoriales norte y sur, influyen en la formacion de
los domos de Guinea, Costa Rica, y Angola. Todos
estos procesos dindmicos comunes a ambos sistemas
son importantes para el aporte de nutrientes a ambos
sectores oceanicos orientales.

'Current address: ORSTOM, BP. A5, Noumea, New Caledonia.

INTRODUCTION

The eastern parts of the tropical Atlantic and Pacific
oceans are among the most biologically active regions
of the world oceans. This is because in these regions
the thermocline is, on the average, very close to the
surface and affected by strong vertical motions, which
are fundamentally important in fertilizing the euphotic
zones. The dramatic El Nifo, now believed to be a
large-scale ocean-atmospheric event, has its most
spectacular effects in the eastern tropical Pacific. A
similar phenomenon occurs in the eastern tropical
Atlantic (hereafter referred to as the Gulf of Guinea)
and despite its smaller oceanic signature can have
devastating effects on the fisheries and climate of the
surrounding countries (Hisard and Piton 1981).

Predicting such phenomena is the goal of numerous
research groups, but this goal would be imperfectly
reached without, first, a clear understanding of the
mechanisms involved. A rational (cause-effect)
approach is almost impossible in biological-ocean
studies because of the complexity of the biological
processes themselves and of their linkages with the
physical environment. Medium- and high-latitude
oceans are characterized by a predominance ‘of ther-
modynamic effects in the surface layer and are domi-
nated by the presence of highly energetic mesoscale
vortices throughout the water column. Because of the
high number of such vortices and the impossibility of
linking them in a simple manner to any direct origin,
an empirical approach appears more suitable at such
latitudes. In the equatorial oceans the local thermo-
dynamic effects are small compared to the dynamic
ones, and these oceans have the outstanding property
of responding clearly and coherently to the wind fluc-
tuations. A rational approach is therefore much better
adapted there.

In this paper I tentatively explain the major dynam-
ics that affect the eastern tropical Atlantic and Pacific
oceans. | have tried to concentrate on the cause-effect
relationship, which necessarily involves some notion
of the balance of forces involved. One fundamental
aspect of the equatorial oceans—their ability to radi-
ate energy quickly from one part of the basin to
another—is explained through simple schemes. I hope
to improve the understanding of the remote forcing
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theory, which has been applied with some success to
the interannual El Nifio in the Pacific and to seasonal
upwelling in the Gulf of Guinea. The reversal of the
zonal pressure gradient in the eastern equatorial
oceans is also presented. It must be pointed out that
although this reversal is not well known, it is indeed a
general feature of these eastern oceans. Finally, the
mechanisms involved in the formation of the highly
productive thermal dome areas are discussed.

RESPONSE TO REMOTE FORCING

Most of the tropical Atlantic and Pacific oceans are
under the influence of the northeast and southeast
trades. In the eastern part of both oceans, the winds
are predominantly from the south, with an castward
veering toward the coasts of the Gulf of Guinea and
Central America. In the Gulf of Guinea the strong
coastal and equatorial seasonal upwelling (Figure 1)
does not seem related to the local wind via Ekman
divergence (Houghton 1976; Berrit 1976; Bakun 1978,
Servain et al. 1982), nor to heat exchange with the
atmosphere (Merle 1980). In the same way, the in-
terannual El Nino appearance of abnormally warm
water along the coast of Ecuador and Peru is not
clearly related to the weakening of the coastal souther-
ly wind (Wyrtki 1975). Along the western coast of
North America, sea level (representative of thermal
variation over the water column) and local alongshore
wind stress anomalies are poorly correlated south of
San Francisco, but much better correlated farther
north, where predominance of a local wind-driven
response is suggested.

Bjerknes (1966, 1969) was the first to suggest that
the El Nino phenomenon could be due to a large-scale
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Figure 1. The productive areas in the eastern tropical Atiantic Ocean
and the three branches of the Equatorial Undercurrent system (from
Voituriez and Herbland 1982).
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ocean-atmosphere interaction in which the relaxation
of the trades along the equator has a dominant role.
Wyrtki (1975) emphasized the dynamical aspect of
such an approach. The usually strong westward winds
along the equator in the central and western part of the
basin accumulate water in the west and build up an
east-west sea-level slope (see next section for further
explanation). A rapid relaxation of the trades in the
central equatorial Pacific destroys the wind stress/sea-
level slope equilibrium and excites an internal down-
welling equatorial Kelvin wave. This wave propagates
eastward and depresses the thermocline all the way to
the eastern boundary. This remote forcing mechanism
and its effect on the boundary has been studied ana-
lytically and numerically by Moore (1968), McCreary
(1976), Hulburt et al. (1976), and Busalacchi and
O’Brien (1981).

In the Pacific Ocean, the downwelling El Nino
event occurs on an interannual time scale. In the Gulf
of Guinea the strong upwelling signal occurs seasonal-
ly. In neither case does local forcing seem to be the
main explanation. In view of such similarities, Moore
et al. (1978) have suggested a similar mechanism for
upwelling in the Gulf of Guinea, with the seasonal
intensification of the trades in the western Atlantic at
the origin of an equatorial upwelling Kelvin wave.
Numerical models have also been used to detail this
seasonal remote forcing mechanism (Adamec and
O’Brien 1978; Busalacchi and Picaut 1983; McCreary
et al. 1984).

In order to better explain this remarkable property
of far-field forcing, which is characteristic of the
equatorial oceans, I have extracted some figures from
O’Brien et al. (1980). They represent the simplest
numerical solution that clearly illustrates this Kelvin
wave scenario. A reduced-gravity linear model is
forced by an easterly patch of zonal wind stress acting
on the western part of an idealized equatorial basin,
which is limited on the east and west by solid bound-
aries and on the north and south by open boundaries.
This model simulates the generation of an upwelling
Kelvin wave in the Pacific, but has also been adapted
to the Atlantic by O’Brien et al. (1978). A simple
reversal of the wind direction could induce a down-
welling Kelvin wave and therefore simulate, crudely,
an El Nifo event. Figure 2 represents the depth dis-
placement of the pycnocline separating the two layers
of the model. Initially the ocean is at rest. Within a
few weeks after the easterly winds, west of 170°E, are
switched on, a westward, wind-driven surface flow
accumulates water against the western boundary. At
the same time the Ekman divergence along the equator
induces upwelling just west of 170°E. This patch of
upwelling then propagates eastward along the equato-
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rial wave guide as a freely propagating equatorial
Kelvin wave. When this upwelling disturbance
reaches the eastern boundary, it reflects as packets of
Rossby waves propagating westward symmetrically
about the equator, and as two coastal Kelvin waves
propagating poleward.

Such a scenario, where the westward equatorial
wind (cause) could be easily related, a few months
later, to an eastern boundary upwelling (effect)
thousands of kilometers away, is one fundamental
aspect of the equatorial region. At midlatitudes there
is no wave mechanism to bring energy over long
distances from west to east. Only Rossby waves exist,
but they propagate westward so slowly, compared to
their equatorial counterpart, that it is impossible to
simply relate wind forcing with its effects in temperate
oceans.

Reduced-gravity models assume that the ocean con-
sists of a thin surface layer (50-200 m) of weak densi-
ty overlying a deep lower layer (2,000-5,000 m) of
greater density. Even if such an approximation is quite
relevant in equatorial oceans, these models restrict the
energy to traveling only horizontally. Figure 3,
adapted from McCreary (1981), is a theoretical repre-
sentation of equatorial waves in a continuously strati-
fied model. The energy that appears east of the forcing
area is the result of the radiation of many equatorial
Kelvin waves. They superpose to form a beam of
energy that propagates eastward but also downward.
When this Kelvin beam arrives at the eastern bound-
ary, it reflects as a collection of beams of Rossby
waves that propagate energy westward and down-
ward. This reflection may be completed, dépending
on the forcing frequency, by two coastal Kelvin
beams, which propagate energy poleward and down-

gation S5

equatorial 0
in waves
500
Figure 3. Vertical section of zonal
velocity along the equator (con-
1000 tour interval = 5 cm s, westward
shaded) in a linear model forced
m. by a zona! wind oscillating at the

annual period. The response is
shown at time of maximum east-
ward wind in the annual cycle.
(from McCreary 1981).
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Figure 4. Mean seasonal cycle of isotherm depths deduced from 217
hydrological stations near Abidjan in the Gulf of Guinea. Straight line
indicates vertical propagation of the seasonal upwelling signai (from
Picaut 1983).

ward. As in the preceding example, the propagation of
energy is expressed as an uplifting or a deepening of
the isotherms, depending on whether the remote wind
direction is westward or eastward. In addition, the
downward propagation of energy implies that the
energy penetrates in the deep layers faster than in
the surface layers; therefore the thermal structure is
displaced first in the deep layers, and then progres-
sively toward the surface layers. This is clearly illus-
trated in Figure 4, where the observed seasonal up-
welling signal, near the northern coast of the Gulf of
Guinea, exhibits a vertical phase propagation from
300 m to the surface (Picaut 1983).

Horizontal and vertical phase propagation does not
imply a mass transport from the forcing area to the
eastern boundary, nor from the deep ocean to the
surface. The reader has to keep in mind that many of
the large-scale phenomena of the equatorial oceans are
now explained in terms of wave dynamics, and the
analogy to the well-known phenomena of tide and
swell could improve understanding of this wave con-
cept. The notion of phase propagation and of associ-
ated horizontal and vertical currents remains the same
in both. Only the space-time scales are totally dif-
ferent; in these wave dynamics, the frequency is very
low (periods from a few weeks to a few years) and the
horizontal (vertical) wavelength is of the order of the
ocean basin width (depth).

It is fascinating to note that most of the theoretical
and numerical studies on El Nifo and on the Gulf of
Guinea upwelling were made at a time when there was
no in situ wave evidence. Recently, Knox and Halpern
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(1982) have shown clear evidence in the Pacific of a
pronounced pulse propagating eastward at 2.7 m/s
along the equator from 150°W to 90°W; this pulse was
apparently forced by an abrupt reversal of trades near
170°E. Eriksen et al. (1983) discussed propagation of
such events in detail, and Lukas et al. (1984) presented
direct evidence of equatorial wave propagation during
the 1982-83 El Nino. In the Atlantic, Katz (1984)
observed pulses of displacement of the thermocline
that propagate eastward all along the equator. Enfield
(1980) discussed evidence of poleward wavelike prop-
agation of sea-level fluctuations all along the eastern
boundary of the Pacific, and Picaut (1983) found pole-
ward propagation of the seasonal upwelling along the
coast of the Gulf of Guinea. In a study of 29 years of
monthly sea level from Mexico to Alaska, Chelton
and Davis (1982) showed that the interannual variabil-
ity of all these records is closely related to El Nifo
phenomena in the eastern tropical Pacific and prop-
agates poleward at a mean phase speed of 40 cm/s
(Figure 5). But the interannual variability along the
western coast of North America could not be ex-
plained solely by this wave-dynamical theory of El
Nifo. Large-scale and local atmospheric forcing are
also important, especially (as previously noted) north
of San Francisco. Lukas and Firing (in press) present
evidence of an annual Rossby wave in the central
equatorial Pacific; the wave propagates vertically from
900 m to the near-surface pycnocline. In the eastern
equatorial Pacific, Lukas (1981) showed some evi-
dence of remotely forced waves by discovering verti-
cal phase propagation, from 500 m to 100 m, at semi-
annual frequency. Remote forcing of the seasonal up-
welling signal along the Gulf of Guinea by zonal
equatorial wind stress outside the gulf has been sup-
ported by the evidence of vertical (Figure 4) and
horizontal phase propagation (Picaut 1983) and the
SST-wind stress correlation of Servain et al. (1982).
This remote forcing mechanism has been carefully
detailed with the numerical models of Busalacchi and
Picaut (1983) and McCreary et al. (1984).

WESTWARD ZONAL PRESSURE GRADIENT
Except in their eastern parts, the equatorial Atlantic
and Pacific oceans are forced by the strong easterly
trades. The westward wind stress appears to be rough-
ly equilibrated by an eastward pressure gradient (Sver-
drup balance), which appears as a descending slope of
the sea surface from west to east (Figure 6a). This
pressure gradient extends down into the subsurface
layer and induces a descending slope of the isotherms
(Figure 6b) from east to west (Lemasson and Piton
1968; Neumann et al. 1975). Just below the mixed
layer this eastward pressure gradient is no longer in
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equilibrium with the zonal wind stress and therefore
drives an eastward current, the well-known Equatorial
Undercurrent.

A simple descriptive way to ‘‘explain’ this zonal
pressure gradient and associated isotherm slopes is to
say that the westward winds accumulate water toward
the western boundary (piling-up and downwelling),
thereby elevating the sea level, while draining water
from the eastern boundary and depressing the sea level
(upwelling) there. Unfortunately, this common de-
scriptive view lacks in physics, and the concepts of
equatorial wave dynamics appear very useful in under-
standing that the zonal pressure gradient is established

some time after a variation of wind in the wake of the
propagating waves (Figure 2). If the wind varies reg-
ularly at low frequency, then an equilibrium between
the zonal wind stress and pressure gradient could
appear through a complex superposition of Kelvin
waves and Rossby waves (Cane and Sarachik 1981).
This appears to be the case at the annual frequency in
the Equatorial Atlantic (Katz et al. 1977; Lass et al.
1982; Armault 1984) but less so in the Equatorial
Pacific (Tsuchiya 1979).

The eastern parts of both equatorial oceans are char-
acterized by a clear reversal of sea level and thermo-
cline slopes, which occurs east of 0°-5°W in the Atlan-
tic (Figure 6a) and east of 90°-100°W in the Pacific
(Figure 6b). This reversal is not confined to the
equator but extends meridionally; for example, it
appears all the way to the northern coast of the Gulf of
Guinea (Verstraete and Picaut 1983). It is a permanent
feature of both eastern oceans, although affected by
important variations like the seasonal cycle (Neumann
et al. 1975; Meyers 1979; Lukas 1981; Arnault 1984).
As noted in the beginning of the previous section, in
these eastern ocean regions the winds are predomi-
nantly from the south with a small westerly compo-
nent. As in the central and western equatorial basins,
it has been supposed that the eastward wind stress
could balance the sharp westward zonal pressure gra-
dient. Recent detailed calculations based on all histor-
ical data available, by Lukas (1981) for the Pacific and
Arnault (1984) for the Atlantic, reveal that such
equilibrium does not hold (by a factor of 3t0 6). In a
Sverdrup balance the friction, thermodynamic effects,
and nonlinear terms are neglected. Therefore, in the
eastern parts of both oceans one or all of these terms
must be important.

This could not be the case with the horizontal and
vertical frictional effects, because they allow the
Equatorial Undercurrent to run all the way from one
side of the ocean to the other, and there is no specific
reason why friction should increase suddenly when
approaching the eastern boundary. Near this bound-
ary, in both equatorial oceans and in their northeast
parts, there is an accumulation of warm, low-salinity
Tropical Surface Water (Wyrtki, 1967; Berrit, 1973).
These light waters are due to heavy rainfall and fresh-
water outflow. They are present in, at most, the upper
20 meters of the surface layer, and their contribution
to the increasing sea-surface height in the east does not
appear important (Lukas 1981; Arnault 1984) even in
the Gulf of Guinea where there is strong runoff from
the Niger and Congo rivers. Finally, it appears that the
nonlinear terms—i.¢., inertia—probably are the most
important contributors to the formation of this slope
reversal. These terms are mainly expressed through a

45



PICAUT: MAJOR DYNAMICS AFFECTING THE EASTERN TROPICAL ATLANTIC AND PACIFIC

CalCOFI Rep., Vol. XXVI, 1985

deceleration of the Equatorial Undercurrent as it
approaches the eastern boundary.

Physically, we could summarize all these balances
of forces as follows. In the western and central parts of
the equatorial basin the eastward zonal pressure gra-
dient, initiated in the surface layer by the westward
winds, drives the Equatorial Undercurrent. When this
current approaches the eastern boundary, it has to
decelerate until it completely vanishes at the coast.
This deceleration must be compensated by a new
force, namely the observed eastward pressure gra-
dient. In the first case the pressure gradient creates the

current; in the second case the current creates the
pressure gradient. According to the synthesis work of
Khanaichenko (1974) and the dynamical investigation
of McPhaden (1984), the Equatorial Undercurrent be-
longs to a set of triple-branched, zonal, eastward
undercurrents. In the next section we will see that the
northern and southern branches of these undercurrents
might contribute to the formation of the highly pro-
ductive tropical thermal domes.

THERMAL DOMES AND EQUATORIAL
UNDERCURRENTS

According to Wyrtki (1964), the Costa Rica Dome,
found in 1948 from BT observations, consists of a
thermal dome situated near 9°N-89°W (Figure 7). It
appears to be at the eastern terminus of a ridge in the
topography of the thermocline, extending across the
Pacific near 10°N, that corresponds to the northern
side of the North Equatorial Countercurrent. When
this eastward surface current reaches the eastern
boundary, it turns north to form the Costa Rica Coast-
al Current. A cyclonic circulation is therefore com-
pleted with the westward North Equatorial Current.
The divergence associated with this rotation creates an
upward motion believed to be at the dome’s origin.

The Guinea Dome, southwest of Dakar, near 10°N-
22°W, was first noticed by Rossignol and Meyrueis
(1964) and appears clearly, during the northern hemi-
sphere summer, on the historical data analysis of
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Figure 6. a. Mean dynamic height of the 0-, 20-, 50-, 100-, and 200-dbar surface relative to 500 dbar, calculated from a combination of all historical
hydrological XBT and BT profiles along the Equatorial Atlantic and between 2°N and 2°S (from Arnault 1984).
b. Depth of the 14°C isotherm. The heavy lines fit all the scattered points obtained with all historical XBT and BT profiles along the Equatorial Pacific and
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Mazeika (1967). As in its eastern tropical Pacific
counterpart, a cyclonic rotation induced by the sur-
rounding current field seems associated with this
dome. Such gyral circulation is not so well defined in
the southeast part of the Gulf of Guinea, even though
Mazeika’s map indicates an Angola Dome near 10°S-
9°E during the southern hemisphere summer. A
hypothetical Peru Dome might exist near 8°S-85°W,
but in the subthermoclinal layers (Voituriez 1981).

In a comprehensive review of phenomena associ-
ated with these domes, Voituriez (1981) contests the
classical explanation. He noticed that the associated
uplifting of the thermal structure is not limited to the
thermocline layer but appears farther below (Figure
8). Therefore, the currents more probably involved in
the formation of these domes are the North Equatorial
Undercurrent (NEUC) and South Equatorial Under-
current (SEUC). These two subthermocline under-
currents have been carefully documented in both
oceans (e.g., Hisard and Rual 1970; Molinari et al.
1981). They take their energy from the Equatorial
Undercurrent (McPhaden 1984) in the western and
central parts of the equatorial basin and, like this
central Equatorial Undercurrent, transport maxima of
oxygen (Figure 8b). Near the eastern boundary they
are completely detached from the central Equatorial
Undercurrent, and when they impinge on this bound-
ary they deflect poleward. Again, this turning motion
creates a divergence and an associated upward move-
ment that is probably a part of the domes’ mechanism.

Divergence (or convergence) of water mass can also
be produced by variations in space of the wind stress.
For example, the associated Ekman transport could be
greater in one area than in an adjacent area. This leads
to a deficit of water mass at the boundary, which in
turn is compensated by water from below, 1.e., an
upwelling. This phenomenon is known as Ekman
pumping, and in a steady case is directly related to the
wind stress curl (d7y/dx — d1x/dy) where Tx and Ty are
the wind stress components. Maps of wind stress curl
are therefore very useful in determining possible areas
of open ocean upwelling or downwelling. The atlases
of Hastenrath and Lamb (1977) and O’Brien and
Goldenberg (1982) provide such maps for the entire
tropical Atlantic and Pacific oceans, but the wind
stress curl near the eastern ocean boundaries is more
detailed in charts prepared by Bakun and Nelson?,
thanks to a finer grid resolution. These maps show that
the Costa Rica and Guinea domes correspond to re-
gions of favorable cyclonic wind stress curl, which is
maximum from May to October. Near the Angola
*Bakun, A., and C.S. Nelson. Wind stress curl in the California, Peru, Canary, and

Benguela Current systems (Poster). 1984 CalCOFI Conference, Idyliwild, California,
October 29-31, 1984.
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Dome the wind stress curl is also upwelling-favorable
most of the year, but off Peru the wind stress distribu-
tions near the doming, noticed by Voituriez (1981) in
the deep layers, are not favorable for upwelling de-
velopment in the surface layer.

Simple models enable us to better understand the
formation mechanisms of these domes. A simple mass
transport model forced by wind stress was used by
Hofmann et al. (1981) to obtain the gross features of
wind-driven circulation in the tropical Pacific. The
results do not indicate any surface cyclonic circulation
in the Costa Rica Dome area and agree with the
suggestion of Voituriez (1981) that surface currents are
not necessarily the mechanism that forms these
domes. The wind generation of the Costa Rica Dome
was detailed by Hofmann et al. (1981) through the
results of the reduced gravity model by Busalacchi and
O’Brien (1980) that was forced by the observed mean
seasonal wind stress. For the Atlantic, Busalacchi and
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Picaut (1983) discussed the results of a similar model
in the Guinea and Angola dome regions. In the model,
the simulated Guinea Dome appears to be governed
only by Ekman pumping. The corresponding model
pycnocline is shallow from August to October, and the
associated upwelling-favorable wind stress curl is due,
as in the Costa Rica Dome, to the northward move-
ment of the Intertropical Convergence Zone. The con-
tribution of Rossby waves in the seasonal variability is
significant for the Costa Rica Dome and dominant for
the Angola Dome.

CONCLUSION AND DISCUSSION

Thanks to a relatively clear causal relation resulting
from particular equatorial dynamics, theoreticians
have had great success in explaining the dominant
processes at work in the eastern tropical Atlantic and
Pacific oceans. Models like those presented in this
paper appear to be tremendously helpful in such re-



PICAUT: MAJOR DYNAMICS AFFECTING THE EASTERN TROPICAL ATLANTIC AND PACIFIC

CalCOFI Rep., Vol. XXVI, 1985

search. But we must bear in mind that their purpose is
to explain, not to simulate. For example, the equato-
rial waves discussed in this paper, albeit important,
are just a part of the chain that induces the global,
large-scale phenomenon entitled ENSO (El Nino-
Southern Oscillation). However, the recent model re-
sults of Busalacchi et al. (1983) clearly demonstrate
the link between the changes of the zonal wind stress
in the western and central Equatorial Pacific and the El
Nifio signature along the eastern boundary a few
months later. The extension of the remotely forced
theory to the Gulf of Guinea by Moore et al. (1978)
and the predictive character of such causal relations
have enabled Cury and Roy® to discuss a predictive
model of fishery along the northern gulf coast. They
first established a model using fishing effort and local
upwelling index. Then they related this upwelling
index with the zonal wind stress off Brazil, one month
in advance (the time for an eastward Kelvin wave to
cross the basin). Finally they discussed the ability of
this wind stress to provide the basis for a predictive
model of the fishery.

Another approach to prediction could be attempted
through the upward phase propagation phenomenon.
If the upwelling or downwelling event is remotely
forced, we can expect that its signature will arrive first
in the deep layer and then in the surface (Figures 3-4).
But we must admit that even though observational
evidence of horizontal phase propagations is still rel-
atively rare, it is nonetheless more common than for
upward propagation.

Most of the analytical and modeling equatorial stud-
ies have focused on purely equatorial mechanisms.
As far as we know, only Hofmann et al. (1981) and
Busalacchi and Picaut (1983) have looked at their
model results near the dome regions. Apart from the
modeling study of McPhaden (1984), little is known of
the mechanism of the northern and southern branches
of the equatorial undercurrents, and even less of their
relation to the eastern boundary currents. Multilayer
models, on a smaller scale than those usually used for
large-scale studies, are needed to better understand
some of the fascinating physics of the eastern tropical
Pacific and Atlantic oceans.
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ABSTRACT

Monthly means of sea-surface temperature are com-
puted for 3° blocks of latitude and longitude along the
eastern coasts of the Pacific and Atlantic oceans from
March 1971 to June 1984. Long-term mean, between-
year standard deviation, and monthly anomaly values
are computed and used to describe major anomalous
warm events in the California, Peru, Canary, and
Benguela eastern boundary current systems. Possible
causes of warm events include anomalous local
onshore transport, propagation of coastally trapped
waves, and anomalous solar radiation.

RESUMEN

Se computan las medias mensuales de temperatura
superficial del agua para sectores de 3° de latitud y
longitud a lo largo de las costas orientales de los
oceanos Pacifico y Atlantico desde marzo de 1971
hasta junio de 1984. Los célculos de la media de este
periodo, la desviacién estindar interanual y las ano-
malfas mensuales se utilizan para describir los princi-
pales eventos anémalos de calentamiento en los siste-
mas de corrientes de margen oriental de California,
Perd, Canarias, y Benguela. Las causas posibles de
los fenémenos de calentamiento incluyen transporte
local anémalo hacia la costa, propagaciéon de ondas
retenidas por las costas, y anomalias en la radiacion
solar.

INTRODUCTION

The four major eastern boundary current systems—
California, Peru, Canary, and Benguela—are char-
acterized by equatorward surface flow; persistent
coastal upwelling of cold, nutrient-rich waters; high
biological productivity; and similar marine popula-
tions (Parrish et al. 1983). In certain years, anomalous
warming events occur to disrupt the normal upwelling
of nutrients and to reduce the surface water’s produc-
tivity. Severe impacts on local fish populations may
occur. In the California Current, warm events have
occurred many times in the past, but major recent
events have been in 1931-32, 1940-41, 1957-58, 1972-
73, 1976-77, and 1982-83. Warm events have been
studied intensely in the California Current (e.g., Sette
and Isaacs 1960). This paper will describe anomalous

events in the California Current and extend the analy-
sis to the other eastern boundary current systems.
During warm events in the California Current, the
surface layer warms and deepens and may remain
warmer and deeper than normal for a year or more
(Table 1). The greatest interannual variability of
oceanic conditions off California occurs in winter.
Thus, to compare conditions in different years, we
computed winter quarterly means (December to
February) using the years 1971 to 1984 as a normal.
We chose these years because later we will present
sea-surface temperature (SST) data for these years.
During the winters of 1957-58 and 1982-83, the SST at
Scripps Pier was 1.2° to 1.7°C above normal, and
positive anomalies persisted into the following winter.
Deepening of the surface layer can be represented by
the depth of the 14°C isotherm, which is near the top
of the thermocline off San Diego (Barilotti et al.
1984). During winter 1957-58, the 14°C isotherm was
about 20 m deeper than normal off San Diego, and
positive depth anomalies persisted into the following
winter. During the 1982-83 winter, the 14°C isotherm
was over 40 m deeper than normal and remained
deeper than normal the following winter. Deepening
of the thermal structure also causes sea level, as

TABLE 1
Winter Quarterly Mean Ocean Conditions
During Warm Winters and Comparison with 1971-84

December-February Quarterly Means

Mean winter
1971-84 1957-58 1958-59 1982-83 1983-84

SST at Scripps 14.5 16.2 15.9 15.7 15.3
Pier (°C) (1.7) (1.4) (1.2) (0.8)
Depth of 14°C 48 69 65 91 58
isotherm off 2D (17) (43) (10)
San Diego (m)

Sea level at 201 204 203 215 202
San Diego (cm) 3) (2) 14) €8]

Quarterly means were computed as means of monthly mean values for the
months December to February. Quarterly anomalies from the mean winter
1971-84 are shown in parentheses. SST data from Scripps Pier, Scripps
Institution of Oceanography, La Jolla, California. Depth of 14°C isotherm
off San Diego computed from data of Fleet Numerical Oceanography
Center (Barilotti et al. 1984). Sea-level data from National Ocean Service,
NOAA, Rockville, Maryland.
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observed at tide gages, to stand higher. Monthly mean
sea level at San Diego was about 6 cm higher than
normal in 1957-58 and up to 16 cm higher than normal
in 1982-83.

Two biologically significant processes occur during
warm events (McLain and Thomas 1983). One is an
intensification of the normal seasonal poleward flow
of undercurrents over and along the edge of the con-
tinental shelf. Current-meter observations in five win-
ters off the central Oregon coast (Table 2) suggest that
during winter 1982-83, the speed of poleward flow
over the continental shelf (13.0 cm/sec) was almost
twice the mean speed observed in the other four win-
ters (7.5 cm/sec). This increased poleward flow
advected warm southern water poleward, further in-
creasing coastal temperatures. The strong poleward
flows and warm coastal waters allowed warm-water
fish species to extend their ranges poleward along the
coast or inshore from warmer waters offshore. Occur-
rences of warm-water species in the California Current
during warm years have been described by many au-
thors (e.g., Radovich 1961). Bonito, barracuda, white
sea bass, and others have been caught far north of their
normal ranges during warm years. Whereas the larger
animals may swim northward in the warm waters,
many warm-water planktonic organisms also have
been observed far north of their normal ranges, sug-
gesting that poleward transport is a contributing factor
in range extension.

A second major effect observed during warm events
has been decreased biological productivity of the sur-
face waters. The thickened and warmed surface layer
reduces the ability of upwelling-favorable winds to
cause upwelling of nutrients into lighted surface wa-

TABLE 2
Mean Poleward Speed of California Undercurrent
Observed with Current Meters at Midshelf
off Central Oregon

Winter Poleward speed (cm/sec)
1973-74 7.5
1977-78 10.2
1981-82 5.8
1982-83 13.0
1983-84 1.0
Mean of four winters 1973-74, 7.5

1977-78, 1981-82, and 1983-84

Mean speeds are for the 93-day period October 30 to January 30.
Current meters were about 25 m off the bottom in water depths of
90 t0 120 m. Data from Dr. Robert Smith, Oregon State Universi-
ty, Corvallis, Oregon.
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ters. Chelton et al. (1982) showed that zooplankton
volumes observed on CalCOFI surveys during 1957-
59 were much lower than on later surveys during the
1960s and 1970s. Although fewer observations of this
type have been made in recent years, available data do
suggest similar low zooplankton volumes and de-
creased productivity in the California Current in 1983
(McGowan 1984). Biological observations of poor
reproduction of many species of fish and sea birds
(Ainley 1983) and the extremely low harvest of kelp
off southern California (Barilotti et al. 1984), for ex-
ample, all suggest a sharp drop in biological produc-
tivity following the winter of 1982-83.

CAUSES OF ANOMALOUS WARM EVENTS

Two major hypotheses have been suggested to ex-
plain anomalous warm events in the California Cur-
rent system: (1) propagating coastal waves in the
ocean, and (2) atmospheric circulation changes. The
ocean hypothesis suggests that during periods of
strong trade winds over the tropical Pacific, warm
surface water piles up in the western tropical Pacific,
causing a rise in sea level there (Wyrtki 1975). When
the trade winds relax or reverse, sea level falls and a
pulse of warm surface water flows eastward toward
South America, propagating as an equatorially trapped
Kelvin wave. El Nifio occurs as the warm water in-
trudes against the South American coast, causing a
rise in sea level, and depressing the thermocline along
the coast. The depression of the thermocline may be as
large as 150 m (at 0°N, 85°W in October 1982, Toole
1984).

Wave theory (Gill 1982) suggests that the depres-
sion can propagate in two ways: (1) westward along
the equator as equatorially trapped Rossby waves, and
(2) poleward along the coast as both coastally trapped
waves and coastal Kelvin waves. Since the trapping
distance of coastal Kelvin waves is limited to the
Rossby radius of deformation, they narrow as they
proceed poleward and eventually become coastally
trapped waves. Therefore, we will refer to the two
types of poleward-propagating waves as coastally
trapped waves. As they propagate poleward the coast-
ally trapped waves lose energy by numerous proc-
esses, including generation of very slow, westward-
propagating planetary Rossby waves. As the depres-
sion of the thermocline propagates poleward along the
coast, it geostrophically forces an intensification of
normal poleward coastal countercurrents. After the
depression passes a point on the coast, the countercur-
rent may reverse to equatorward. The poleward flows
commonly occur in winter, and the reversals, called
spring transitions, are most intense following warm
winters (Breaker 1983).
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One shortcoming with the ocean hypothesis is that it
does not explain the very wide expanse of anomalous-
ly warm water observed off the West Coast in early
1983 and the simultaneous formation of a pool of
colder than normal water in the central North Pacific.
Published SST anomaly charts for winter 1982-83
(U.S. Dept. Commer. 1983) show that SSTs were
above normal for over 800 km seaward of the Califor-
nia coast. A coastally trapped wave would be restrict-
ed to within about 50 km of the coast and thus could
cause positive anomalies only near the coast, leaving
the offshore cold pool unexplained. Simpson' suggests
that the westward-propagating Rossby waves gener-
ated by the poleward-propagating coastally trapped
waves cannot explain the offshore cold anomalies
observed in winter 1982-83.

Coastally trapped waves of higher than annual fre-
quency are generated by tropical storms and have been
observed off Central America in hourly sea level rec-
ords (Christensen et al. 1983). As these waves prop-
agate poleward, they become trapped in the Gulf of
California and do not propagate poleward past the tip
of Baja California. Evidently, coastally trapped waves
must be of very large spatial scale and of several
months’ or longer duration to propagate past the Gulf
of California.

Subsurface temperature data provide empirical evi-
dence for the existence of poleward-propagating
thermal depressions. Brainard and McLain (in press)
computed anomalies of temperature at 100 m for areas
along the west coast of North and South America.
They analyzed over 115,000 temperature profiles from
the files of Fleet Numerical Oceanography Center for
a series of 3° blocks of latitude along the coast from
30°S to 50°N from 1951 to 1984. Anomalies of month-
ly mean temperature at 100 m computed from these
profiles show that regions of anomalously warm water
at 100 m occurred along the coast during 1957-58,
1972-73, 1976-77, and 1982-83. The regions appeared
to expand poleward from near the equator, with their
leading edges occurring progressively later in time
with distance away from the equator. Although this
could be evidence of a poleward-propagating coastally
trapped wave, the leading edges of the anomalies
traveled at speeds of 6 to 44 km/day, much less than
the theoretical speeds of coastally trapped waves.
Likewise, other authors (e.g., Enfield and Allen 1980;
Chelton and Davis 1982) have found relatively low
speeds of coastally propagating disturbances. The low
propagation speed of the anomalies suggests that
changes in advection may also occur (Chavez et al.

!Simpson, J.J. MS. The Aleutian Low teleconnection between equatorial and mid-
latitude **El Nifio-type’” events. Submitted to J. Geophys. Res.

1984). Brainard and McL.ain (in press) also showed a
general warming trend along the whole coast at 100 m
beginning in 1976 and culminating in the extremely
strong warm event in 1982-83. This warming trend
was described by McLain (1983) and is similar to that
described by Huang (1972) for the years 1958-69 rela-
tive to the years 1948-57.

Sea-surface temperature observations are more
abundant than subsurface profiles and show the same
general pattern of anomalies. Figure 1 shows the loca-
tions of 39 3° blocks of latitude and longitude in the
Pacific, and 37 3° blocks in the Atlantic where month-
ly mean SST was computed. The SST reports used
were received in real time by Fleet Numerical
Oceanography Center from March 1971 to June 1984.
The monthly means of SST were made for the 3°
blocks by first averaging the reports by 1° blocks each
month and then making 3° means of the 1° submeans.
The number of observations in each 1° block varied
widely from O to over 50 reports per month. Thus,
making the 3° means from the 1° submeans reduced
the spatial bias of sampling. A 3° mean was made if
there was at least one 1° submean available. Because
of the inhomogeneous distribution of the reports, this
may have caused spurious 3° means in areas of sparse
data. The number of reports used in each 3° block
(shown in Table 3) varies from over 40,000 in the
California and Canary currents to fewer than 100 in
the Peru Current. Anomalies of SST were computed
relative to the long-term mean for the period March
1971 to June 1984.

The long-term mean annual cycle of SST in the
California Current region (Figure 2, left) is dominated
by seasonal migration of a region of closely packed
SST isotherms along the coast of Mexico between 18°
to 28°N (Blocks 27 to 31 in Figure 1). This region
represents a frontal zone between the colder water to
the north (where the seasonal cycle of heating and
cooling is strong) and the warmer water to the south
(where seasonal fluctuations are small). A similar
frontal region migrates seasonally in the Peru Current
region from 0° to 10°S off Ecuador. The two frontal
regions lie at the equatorward end of the California
and Peru eastern boundary currents where the currents
leave the coast and turn to the west.

Interannual variability of SST is described by be-
tween-year standard deviations of the individual
monthly mean SST values (Figure 2, right). The great-
est interannual variability of SST along the coast is in
the Southern Hemisphere, with between-year standard
deviations of over 1.0°C from the equator to at least
40°S. Peak variability (over 2.0°C standard deviation)
occurs in a region from 15°S to 25°S from November
to February, representing El Nifio fluctuation. This
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region is somewhat south of the region off Ecuador
and Peru where El Nifio is normally thought to be
strongest. Perhaps the extreme scarcity of reports off
Peru and Chile caused the apparent center of greatest
interannual variability to be shifted southwards. Inter-
annual variability in the California Current is lower
than in the Peru Current and has between-year stan-
dard deviations of 0.5° to 0.8°C. The standard devia-
tion is locally highest near the frontal zone off Mex-
ico, representing interannual changes in the seasonal
migration of the zone.

The computed anomalies of SST along the eastern
Pacific were very noisy, with many small regions of
positive and negative anomaly. Anomalies in the Peru
Current were particularly noisy, perhaps because of
the extreme scarcity of reports there. To smooth the
array of SST anomalies, we applied two filters to the

54

was computed for the period
March 1971 to June 1984.

20 EF

array in succession. First, we eliminated spikes with a
3 X 3 nonlinear or median filter in which the central
value of each 3 X 3 subarray was replaced by the
median of the 9 values in the subarray. Second we
passed a 3 X 3 linear smoother with an arbitrarily
chosen smoothing factor of 0.5 over the array. After
this filtering, only the major anomalies remain.
Regions of positive anomaly of great coastwise ex-
tent occurred in the eastern Pacific in 1972-73 and
1982-83 (Figure 3), with peak values of about +4.0°C
in December 1982 and January 1983 off Ecuador and
Peru, and smoothed values of greater than +2.5°C. A
positive coastwise anomaly of lesser magnitude and
extent occurred in 1976-77. Because these coastwise
anomalies are contemporaneous with major tropical El
Nifio events, they are probably of tropical origin.
Negative coastwise anomalies occurred from 1973 to
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TABLE 3
Total Number of SST Observations in 3° Blocks
in the Eastern Atlantic and Pacific Oceans from
March 1971 to June 1984

Block
number Pacific Atlantic
39 5,710 —_
38 47,092 —
37 20,581 15,980
36 30,149 5,415
35 82,058 14,797
34 42,885 46,279
33 35,568 46,759
32 8,107 30,665
3] 8,956 21,035
30 10,559 10,817
29 10,020 6.510
28 5,427 11,503
27 8,886 19,488
26 9,763 59,190
25 9,103 32,198
24 8,600 24,063
23 5,592 22,255
22 7,126 9,426
21 8,016 15,075
20 8,067 5,466
19 7,122 5,030
18 1,475 3,825
17 332 2,201
16 985 1,121
15 673 930
14 879 553
13 636 456
12 477 452
11 305 1,453
10 120 5,946
9 62 4,659
8 70 1,661
7 73 12,238
6 150 15,424
5 115 6,113
4 81 3,269
3 115 7,258
2 110 10,693
1 198 8,440
Total 386,243 488,643

1975. Because of the large coastwise extent of these
anomalies, the California and Peru current systems
may have had similar anomalies simultaneously.
Large positive anomalies occur in regions such as
off Baja and Alta California, where SST normally
decreases rapidly with distance poleward along the
coast. Stronger than normal poleward coastal flow
during anomalous warm events would tend to cause
positive SST anomalies in these regions. In contrast,
off Central America, reduced positive or even nega-
tive SST anomalies occur as gaps in the coastwise
positive anomalies. Negative SST anomalies also
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appear in maps of SST anomaly off Central America
during February 1983 (U.S. Dept. Commer. 1983). A
possible explanation for negative SST anomalies off
Central America at a time when one might expect
positive anomalies is that the mean coastwise SST
gradient is small or negative in this region. A stronger
than normal poleward flow along this coast would
have little tendency to cause positive SST anomalies.
Other possible reasons for gaps in positive coastwise
SST anomaly might be: (1) wind mixing by Tehuan-
tepec and Papagallo winds, which occur in this region
and cause local cooling, and (2) upwelling of cold
waters off Costa Rica. Douglas and Englehart (1983)
found that cold anomalies off Mexico and Central
America were correlated with alterations in the paths
of tropical hurricanes.

In contrast to the coastwise warm events of 1972-
73, 1976-77, and 1982-83 and the cold events of
1973-75, other anomalous periods occurred locally in
the California Current and were not associated with
tropical warm events. These included positive anoma-
lies in the winters 1977-78, 1979-80, and 1980-81, and
the negative anomalies in the winters of 1970-71,
1971-72, and 1978-79. Near-zero anomalies occurred
in winter 1981-82. Similarly, many local SST anoma-
lies occurred in the Peru Current that were not related
to the major El Nino tropical warm events.

The second major ocean warm-event hypothesis—
atmospheric circulation changes—suggests that the
local anomalies in the California Current are caused
by variations in wind-induced, onshore transport in
midlatitudes. Recent work of Simpson (1983, 1984a,
1984b) and others emphasizes the importance of
onshore transport of warm surface waters during local
warming events. Horel and Wallace (1981) showed
that a particular pattern of midlatitude upper atmos-
pheric circulation, the ‘‘Pacific/North America’’ pat-
tern, is associated with, or ‘‘teleconnected’’ to El
Nino warming events in the Pacific. When there is
anomalous warming in the tropical Pacific, there often
is an associated shift in the upper atmospheric circula-
tion, which causes a trough over the central North
Pacific, a ridge over western Canada, and a trough
over the eastern United States. This pattern of upper-
atmospheric circulation is associated on the surface
with an intensification of the Aleutian Low. Emery
and Hamilton (in press) present maps of the winter
mean surface atmospheric pressure over the North
Pacific and show that years with a strengthened Aleu-
tian Low are often associated with anomalous warm-
ings in the tropics. During winter 1982-83, the Aleu-
tian Low was several standard deviations deeper than
normal and was shifted 10° to 20° of longitude east of
its normal position over the central Aleutians, causing
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a very strong negative pressure anomaly over the Gulf
of Alaska. The strong Aleutian Low combined with a
weakened North Pacific High to cause a change in
surface winds that resulted in very strong onshore
transport of surface waters against the California
coast.

Evidence of the importance of onshore transport in
causing anomalous warm events off California can be
seen in indices of upwelling intensity computed for 15
points along the west coast of North America (Figure
4) using methods of Bakun (1973). The strong upwell-
ing off central California in summer has peak upwell-
ing index values of greater than + 200 m*/sec/100 m
coastline (Figure 5). During winter, tongues of nega-

-25° -1.5°% +1.5° and +2.5°C.

tive upwelling index, representing onshore transport
or downwelling, intrude southward along the coast
from the Gulf of Alaska, where onshore transport
occurs during much of the year. The tongues of
onshore transport did not generally extend south of
about 36°N in the early 1970s except in winter 1972-
73. From 1976 to 1980, however, onshore transport
extended south to about 33°N each winter. Increased
frequency of onshore transport of warm surface water
off central California in winter may thus have been a
cause of the general warming along the coast during
1976-80.

During winter 1982-83, there was an extremely
strong pulse of onshore transport with upwelling index
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Only very weak onshore transport occurred off Cali-
fornia in winter 1978-79 (—99 index units), and nega-
tive anomalies (Figure 3) resulted.
The mechanism of onshore transport can explain a
, , number of other features of anomalous coastal events.
Figure 4. Locations of 15 points along west coast of North America where o L .
upwelling indices were computed by methods of Bakun (1973). For example, it can CXpldm the large offshore extent
of the warm water along the coast in 1982-83 and the
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simultaneous formation of a pool of anomalously cold
water in the central North Pacific. The onshore trans-
port mechanism can also explain the low-salinity,
high-dissolved-oxygen water observed in early 1983
on CalCOFI line 90 off San Diego (Simpson 1984a).
Low-salinity waters have also been observed at fre-
quently occupied coastal monitoring stations after
periods of onshore transport (McLain and Thomas
1983).

In some years, local heating may contribute to
anomalous warming events. In 1976-77, a blocking
high-pressure system persisted over much of the west-
ern United States, causing record drought. The many
warm, calm days associated with this high-pressure
system probably caused increased solar radiation and
warming of the surface waters. Solar heating cannot,
however, explain the 1982-83 subsurface temperature
anomalies, which were larger than those at the sur-
face.

Thus it appears that anomalous warming events in
Pacific eastern boundary current systems may be
either—or both—tropical or locally forced events. El
Nino events in the tropics can cause poleward-
propagating coastally trapped waves, but because they
narrow and lose energy, these waves do not seem to
explain the large coastwise SST anomalies. Both pro-
cesses may occur in the same year, and when they
occur together, local onshore transport can reinforce
the effects of coastally trapped waves to create the
observed large anomalies in midlatitudes. Interannual
variations in local onshore transport can cause local
warm and cold events in the California Current. On-
shore transport itself could generate coastally trapped
waves, which would propagate the effects of the on-
shore transport poleward. To an observer at a point
along the coast, both tropical and local processes
would cause apparent depression of the thermal struc-
ture and intensified poleward coastal currents. When
local reinforcement occurs, these effects may be addi-
tive. During 1982-83, for example, both processes
were unusually intense, and combined to cause an
extremely strong warm event in the California Cur-
rent: warming in the tropics was the greatest in many
decades, and local onshore transport was the strongest
of any winter during the period of record 1946-83
(Norton et al. in press). The resulting depression of
the thermal structure and poleward currents along the
coast were very large (Tables 1 and 2). In contrast,
during the tropical warm event of 1972-73, when local
reinforcement was not strong, SST anomalies in the
California Current were of short duration and did not
extend far up the coast. Local reinforcement by
onshore transport in the Peru Current has not been
demonstrated (Fonseca 1984).

SST FLUCTUATIONS IN THE
EASTERN ATLANTIC

The long-term mean annual cycle of SST fluctua-
tions in the eastern Atlantic (Figure 6, left) is dominat-
ed by seasonal migration of frontal zones between
10°N and 20°N between Cape Vert and Cape Blanc in
the Canary Current (Wooster et al. 1976) and between
10°S and 20°S near Cape Fria in the Benguela Current
(Wooster, in Picaut 1983). As in the Pacific, the fron-
tal zones represent regions where the eastern boundary
current turns offshore. Seasonal heating and cooling is
strong poleward ‘of the frontal zones, and seasonal
variations are weak equatorward of the zones.

Interannual variability of SST in the eastern Atlan-
tic (Figure 6, right) is similar to that of the Pacific,
with low values of between-year standard deviation in
the Northern Hemisphere and large values in the
Southern Hemisphere. Local, weak maxima of vari-
ability occur in the Canary Current near the frontal
zone. Interannual variability in the Benguela Current
is high, and between-year standard deviations range
up to 2.2°C near 10°S, reflecting large interannual
variations in the front. A band of high interannual
variability occurs from 25° to 30°S as a result of
multiyear anomalous periods.

The anomalies of SST in the eastern Atlantic (Fig-
ure 7) appear somewhat similar to those of the Pacific,
except that no large coastwise anomalies occur.
Anomalies in the Canary Current are weak and of
local nature. There was a general warming trend evi-
dent during 1971-84 in the Canary Current; it was cool
in 1972 and 1974 and then warming in 1976 and
remaining generally warm thereafter, with positive
anomalies occurring in 1978, 1979-80, 1981-82, and
1983-84.

SST values in the Benguela Current were above
normal from 1971 to early 1979 and below normal
from 1979 to 1983. Greatest negative anomalies (less
than — 1.0°C) occurred off Namibia from November
1981 to May 1982, in rough agreement with the cold
period observed there during February to September
1982 by Boyd and Agenbag (1984). The persistence of
these anomalous periods is unusual. Whereas in the
other eastern boundary current systems, SST anoma-
lies are more coherent with distance along the coast
than in time (causing the generally vertical features in
Figures 3 and 7), in the Benguela Current, anomalies
were very persistent in time (causing the more hori-
zontal features at the bottom of Figure 7). This sug-
gests that the upwelling-related winds over the Ben-
guela Current must be very persistent, but Picaut
(1983) mentions that south of about 20°S in the Ben-
guela Current the correlation between winds and SST
anomalies is low. Perhaps the large persistence of the
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anomalies in this region is related to very slow
changes in advection in the South Atlantic gyre.

An intense local warming occurred in the Benguela
Current from March to at least May 1984. SSTs great-
er than 29°C intruded as far south as latitude 15°S. The
warm event started along the coast near Cape Fria (12°
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to 19°S) and expanded equatorward, becoming most

intense near Point Noire, Congo (5° to 10°S), in June

1984, with anomalies of up to 3.5°C. In contrast,
Boyd and Thomas (1984) examined hydrographic data
taken within 1° of the coast from 18° to 26°S and
found water up to 6°C warmer than normal, particular-
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ly near the coast. They suggest that the warm event
was caused by a southward intrusion of equatorial
water. If so, the intrusion may have come from
offshore, reaching the coast near Cape Fria, and then
expanding generally northward, as seen in the 3°-
block SST data. It may also have expanded southward
and been seen in the hydrographic data, very close to
the coast.

In contrast to the large coastwise extent of SST
anomalies in the Pacific, anomalies in the eastern
Atlantic are more local and do not have the large
coastwise extent. The Atlantic anomalies generally
were restricted to one of the three regions: Benguela
Current, Gulf of Guinea, and Canary Current. Only
the warm events in 1972-73 and mid-1981 in the Ben-
guela and Gulf of Guinea regions spanned more than

represent —2.5°, —1.5°, +1.5°, and +2.5°C.

one region. This suggests that different oceanic or
atmospheric processes affect the three regions. Also,
SST anomalies in the Pacific tended to occur in north-
ern winters, but Atlantic anomalies occurred through-
out the year.

RELATION OF TROPICAL ATLANTIC AND
PACIFIC ANOMALIES

Because there was an anomalous warm event in the
tropical Atlantic in early 1984, one year after the
major warm event in the Pacific in 1982-83, it was
thought that similar Atlantic warm events might have
occurred following earlier Pacific warm events. To
examine this question, we made time series of month-
ly mean SST for the years 1946 to 1979 by 5° blocks
for the eastern tropical Pacific and Atlantic from the
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Figure 8. Time series of anomaly of SST in 5° blocks in eastern tropical Pacific (upper) and Atlantic (lower) oceans for the years 1943 to 1979. Mean annual
cycle of SST and range and standard deviation of interyear variability are shown in smali boxes (Pacific, left, Atlantic, right). Areas are Marsden 5° blocks
308-1 off Ecuador in the eastern tropical Pacific (0° to 5°S, 80° to 85°S) and 335-2 off Gabon in the eastern tropical Atlantic (0° to 5°S, 5° to 10°E).

Consolidated Data Set of Fleet Numerical Oceanogra-
phy Center (FNOC). This data set comprises marine
weather reports from two sources: (1) historical log-
book reports in the TDF-11 data file from the National
Climatic Data Center for the years 1946 to about 1976,
and (2) the reports received in real time by FNOC for
1971 to 1979. Time series of SST anomalies (Figure ¥)
were made for an area off Ecuador (Marsden 5° block
308-1) and an area off Gabon in the tropical Atlantic
(5° block 335-2). Although the Atlantic data are very
sparse, there is no obvious lag relationship between
the two series.

The most obvious difference between the Atlantic
and Pacific SST time series is the generally greater
persistence of anomalies in the tropical Pacific relative
to the tropical Atlantic. We examined this in greater
detail by computing autocorrelation functions for the
two series (Figure 9). The autocorrelation function of
the Atlantic series drops to less than 0.1 in 3 months,
whereas it takes 8 months in the Pacific. The slower
response time in the Pacific reflects the larger size of
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the Pacific and the greater energy required to displace
the thermocline vertically.

CONCLUSIONS

Although sampling density was extremely nonho-
mogeneous, we computed monthly mean SSTs and
anomalies from the long-term mean for series of 3°
blocks along the coast in the eastern boundary current
systems of the Pacific and Atlantic oceans. From these
data, anomalous warm and cold events can be seen in
all four major eastern boundary current systems. In the
Pacific, coherent anomalies can extend over great
stretches of coast from Chile to British Columbia,
causing the California and Peru current systems to
have similar SST anomalies simultaneously. Other
local anomalies can occur in the California and Peru
currents as well. There was less coastwise coherence
of SST anomalies in the Atlantic than the Pacific, and
thus the Canary and Benguela current systems do not
generally have similar SST anomalies simultaneously.

Two major hypotheses for formation of anomalous
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warm events in the California Current have been sug-
gested: (1) onshore transport of warm surface waters
by strong southwesterly winds warms the surface wa-
ter and depresses the thermal structure; (2) poleward-
propagating coastally trapped waves from tropical El
Nifio events cause depressions of the thermocline to
propagate poleward. Propagating coastally trapped
waves narrow and lose energy with distance poleward
from the tropics and do not explain the observed large
coastwise anomalies. Onshore transport may occur in
the same year as tropical warming events and cause
local reinforcement of the effects of propagating
coastally trapped waves in midlatitudes. Local heating

by solar radiation is a third possible hypothesis for
formation of anomalous warm events.

Two important effects of the anomalous warming
events have biological significance: (1) geostrophic
adjustments to the deepened thermal structure cause
an intensification of normal seasonal poleward flow
over the continental shelf. This intensification causes
increased advection of warm water poleward and
allows warm-water organisms to extend their ranges
poleward. (2) A thickened surface layer reduces the
ability of upwelling-favorable winds to upwell nutri-
ents into the lighted surface waters, lowering the
biological productivity.

An extremely anomalous warming event occurred
in the California and Peru current systems during
1982-83. Off California exceptionally strong onshore
transport of warm waters from offshore reinforced
propagating coastally trapped waves from an excep-
tionally strong tropical El Nifio. Anomalies were as
large as +4°C at the surface and as large as +5° to
+6°C at 100 m (Brainard and McLain in press), re-
flecting a deepening of the thermocline along the coast
by 50 to 100 m. Off California the biological produc-
tivity of the surface waters was greatly reduced, and
strong poleward flows advected many warm-water
species northward.

SST anomalies in the Canary Current during 1971-
84 have been relatively small but showed a general
warming trend similar to that observed in the Pacific.
Anomalies in the Benguela Current were extremely
persistent and were positive during the years 1971-78
and cool during 1979-83. Anomalies then became
strongly positive in early 1984, possibly because of
an intrusion of equatorial water. There was no obvi-
ous lag relationship of SST anomalies in the Atlantic
following similar warm events in the Pacific. SST
anomalies are generally more persistent in the tropical
Pacific than in the tropical Atlantic, but anomalous
conditions in the Benguela Current can persist for five
Or more years.

The interannual variability of SST fluctuations in
eastern boundary current systems is high near the
frontal regions where the eastern boundary currents
leave the coast. SST gradients are strong in these
regions, and interannual variability of SST is locally
high because of interannual variations in the seasonal
migration of the fronts. Interannual variability of SST
is higher in the Southern Hemisphere than in the
Northern Hemisphere, but the anomalies in the South-
ern Hemisphere tend to be more persistent. Thus SSTs
in the Northern Hemisphere tend to vary about a mean
state, whereas Southern Hemisphere anomalies tend to
switch between different regimes, lasting for a year or
longer.
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ABSTRACT

The biological changes of El Nifio are clearly re-
lated to the sequence of physical changes in the marine
environment. During years when there is no El Nifo, a
basinwide nutricline tilt set up by trade winds brings
the nutricline to a favorable, shallow depth along the
coast of Peru. During El Nifo the nutricline is pro-
gressively depressed, so coastal upwelling transports
reduced quantities of nutrients to the surface. Produc-
tivity of the coastal upwelling ecosystem during the
1982-83 El Nifio was decreased fourfold to twentyfold
by the reduced nutrient supply. The decrease of new
primary production available to the food chain caused
proportional reductions in the fish and seabirds.

RESUMEN

Los cambios bioldgicos vinculados con El Nifio
estan claramente relacionados con la secuencia de
cambios fisicos en el ambiente marino. Durante anos
no-El Nifio el declive de la nutriclina, a lo largo de la
cuenca ocednica, condicionado por los vientos alisios,
ubica a la nutriclina en una profundidad favorable,
reducida, frente a las costas peruanas. Durante El
Nifio esta isolinea es progresivamente empujada hacia
profundidades mayores, de manera tal que los aflo-
ramientos costeros aportan menos nutrientes a la super-
ficie. La productividad de los ecosistemas de aflo-
ramientos costeros durante El Nifio de 1982-83 se redujo
en 4 a 20 veces debido al reducido aporte de
nutrientes. La disminucién de la produccién primaria
disponible para la cadena alimentaria provocé reduc-
ciones en los peces y en las aves marinas.

INTRODUCTION

The ocean off the west coast of South America is
the most productive region of the world ocean; Bu-
chanan (1886) reported, ‘““No waters in the ocean so
teem with life as those on the west coast of South
America.” Early in the twentieth century Coker (1918)
associated cool ocean temperatures with the abun-
dance of fish and seabirds (Coker 1908, 1919). Coker
(1918) also correctly identified upwelling as the proc-
ess responsible for persistent cool ocean temperatures
in the tropical setting of the Peru coast, and he specu-
lated that perhaps the greater solubility of gases in
cooler seawater enabled the upwelled water to support

more *‘growth of the minute plants that form the basis
of the food supply of all the marine animals.”” Coker’s
speculation was surprisingly close to being correct;
today we believe it is the abundance of available
nitrogen and phosphorus in the cool, upwelled water
that makes this region the world’s richest (Ryther et
al. 1971).

Accurate descriptions of El Nifio and the changes in
currents and rainfall that accompany it were published
at the end of the nineteenth century by several Peru-
vian scholars such as Carranza (1892), Eguiguren
(1894), and Pezet (1896). Murphy (1926) associated
the decrease of plankton, collapse of local fisheries,
and widespread death among seabirds in 1891 and
1925 with the sudden warming of the ocean off Peru.
The common understanding was that upwelling failed
during El Nifo. To understand how El Nifio affects the
biota we must understand why the ocean off the west
coast of South America is normally so fertile.

As Coker (1918) indicated, the process of coastal
upwelling is responsible for the fertility of this region.
Coastal upwelling is a circulation pattern that over-
rides both the nutrient limitation that characterizes
permanently stratified waters, and the light limitation
that characterizes deeply mixed waters. Coastal up-
welling is set in motion by equatorward winds that
transport water offshore, resulting in an equal volume
of water flowing up close to the coast to replace the
water moved offshore. The surface layer forced off-
shore by the equatorward winds is extremely shallow,
on the order of ten to twenty meters deep. Subsurface
water is brought to the surface and, once there, is
transported horizontally away from the upwelling site
in a coherent surface flow (Barber and Smith 1981).
The waters of the ocean below the thermocline are rich
in inorganic plant nutrients like nitrate, phosphate,
and silicate; the subthermocline nutrient reservoir of
the ocean is one of the major nutrient pools of the
globe (Redfield 1958). Vertical transport of subsur-
face water injects new nutrients into the surface and
forms a shallow, wind-driven, surface Ekman layer
that is vertically stabilized by a density gradient, and
provides optimal light conditions for plankton photo-
synthesis.

This sequence in upwelling of vertical transport
followed by vertical stabilization is analogous to the
seasonal mixing and stratification cycle occurring in
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Figure 1. Chart of the central and eastern tropical Pacific showing the location of the transects and station described in this report: A, zonal section along
the equator from 180°W to 110°W; B, Gal&pagos Islands time series station; C, Paita transect along 5°S from 85°W to the coast; D, 10°30'S transect from

82°W to the coast.

temperate and high-latitude waters. What is different
about upwelling is that optimal juxtaposition of the
two opposing processes continues as long as the
equatorward winds blow, whereas in the *‘spring”
bloom of temperate, high-latitude waters there are
only a few episodes of optimal conditions each year.
Time limits on productivity enhancement are removed
by coastal upwelling as long as winds are favorable;
thus the total annual supply of new organic material to
the ecosystem is much greater, and food chain en-
hancement is greatly increased (Ryther 1969).

Coastal upwelling is a response of a particular area
of the ocean to a large-scale wind pattern; implicit in
the concept of a local response is the idea that the
water upwelling to the surface layer is entrained from
a relatively shallow depth of 40 to 80 meters. The
gradient that separates the nutrient-rich subsurface wa-
ters from the nutrient-depleted surface waters is called
the nutricline, just as the temperature gradient is called
the thermocline. The thermocline and nutricline in the
eastern portion of the Pacific (Figures 1 and 2) are
much shallower than they are in midocean or in the
west because of action of the large-scale winds on the
ocean surface (Cane 1983; Rasmusson and Wallace
1983). Thus large-scale winds have two relatively
separate connections to coastal upwelling: (1) they
provide the local driving force for coastal upwelling,
and (2) by setting up the large-scale thermocline and
nutricline tilt, they determine the properties (tempera-
ture and nutrient content) of the water that can be
entrained into the upwelling circulation when the local
winds are favorable.
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In describing the oceanographic processes involved
in El Nifio, Wooster and Guillen (1974) observed that
warm water appeared and nutrients decreased during
El Nifo. Since cold water and high nutrients are signa-
tures of coastal upwelling, it was widely assumed that
upwelling weakened during El Nifio. Analyses of
coastal wind measurements in the last five years have
indicated that in previous El Nino events (Enfield
1981) and in the 1982-83 El Nifio (Smith 1983) the
equatorward winds driving coastal upwelling did not
weaken until late in the event’s development. During
the 1982-83 El Nifio, observations indicated that up-
welling continued as late as March 1983, but changes
in temperature and nutrients between November 1982
and March 1983 showed that the water entrained by
the upwelling circulation had an entirely different nu-
trient and temperature character. An explanation of
this apparent contradiction is that as the thermocline
and nutricline were progressively depressed below the
depth where source water was entrained into the up-
welling circulation (40 to 80 m), nutrient transport to
the surface layer was reduced, and temperature in-
creased.

The surprising conclusion we reach from these
observations is that nutricline depression, not cessa-
tion of upwelling, was the process that decreased the
nutrients and, in turn, caused primary production to
decrease, eventually causing collapse of the upwelling
food chain. A corollary of this conclusion is that it was
collapse of the food chain, not direct thermal effects,
that caused the biological anomalies during the 1982-
83 El Niiio.
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Figure 2. Zonal section along the
equator from 110° to 180°W, show-
ing temperature (°C), nitrate (uM),
and silicate (uM) during April
1980. Temperature was measured
as a continuous vertical record,
and discrete nutrient measure-
ments were made at the depths
shown by the dots.

PROGRESSION OF THE 1982-83 EVENT

The 1982-83 El Nifio began in August around the
Galédpagos Islands (Halpern et al. 1983), and in late
September and October along the coast of Peru
(Chavez et al. 1984). Figure 3 shows the change in
surface and 60-m temperature at a shore station in the
Galédpagos Islands (Kogelschatz et al., in press). El
Nifio is well defined by both the surface and 60-m
temperatures; in fact, the onset in September 1982 and
recovery in June 1983 is more sharply delineated in
the 60-m temperature signal. Another aspect of this
time series is that an increase or decrease in surface
temperature is always preceded by a change at 60 m;
as has been noted previously (Enfield 1981; Barber
and Chavez 1983), El Nifo in the eastern Pacific is
initially a subsurface (thermocline) anomaly that only
secondarily reaches the surface.

The pattern of variation in nitrate (Figure 3) shows
El Nifio’s large impact on nutrients in the eastern
tropical Pacific. Surface-layer values at the beginning
and end of the time series show that nitrate values of 2

to 6 pM are characteristic in this region. This is
further supported by the large-scale zonal profile
shown in Figure 2. The relationship between phyto-
plankton growth and ambient nutrient concentration is
complex (Dugdale et al. 1981), but for a general
understanding of El Nifio’s biological effects it is
adequate to know that nitrate concentrations of 2 uM
or higher constitute favorable nutrient conditions
where the uptake-versus-concentration relationship is
saturated. Figure 3 shows that, in the absence of El
Nifio, Galapagos waters are nutrient-rich; that is, there
are saturating concentrations of nitrate in the surface
layer most of the time.

The surface concentration of nitrate for six and
one-half months during the 1982-83 El Nifo, from
December 1982 to mid-June 1983, was very low, often
below the detection limit of 0.02 WM. Such concentra-
tions are clearly nutrient-poor and will necessarily
decrease the new production of organic matter by
phytoplankton (Dugdale and Goering 1967). The sili-
cate time series (not shown) indicates that this nutrient
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Figure 3. Time series plot of temperature and nitrate in Academy Bay,
Galapagos Istands, at 0 m and 60 m during the 1982-83 E! Nifio.

covaried with nitrate at the surface and at 60 m, but
unlike nitrate, it was never depleted in the surface
layer. In the equatorial Pacific there is an atom ratio
excess of silicate-silicon relative to nitrate-nitrogen;
this is the reason we concentrate on nitrate in this
description of nutrient conditions.

The two November 1982 sections at 5°S and
10°30’S off the coast of Peru (Figures 4 and 5) were
during onset of El Nifo, but the temperature anomaly
had already reached 5°C. Evident in the November
1982 section is the characteristic thermocline and nu-
tricline depression. The 20°C isotherm, which is the
middle of the thermocline, is depressed over 100 meters
close to the coast when compared to two sections
made in November 1981 (Figures 4 and 5). Coastal
upwelling driven by coastal winds continued in
November 1982 to supply a band next to the coast with
nutrients; this narrow zone of nutrient enrichment sup-
ported relatively high phytoplankton biomass.

Comparison of the SST along the 5°S transect dur-
ing November 1982 and November 1983 (Figure 6)
shows that the offshore-to-inshore temperature gra-
dient is similar in magnitude even though the entire
section is 5°C warmer during November 1982. The
presence of the offshore-to-inshore gradient indicates
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Figure 4. Cross-shelf profiles of temperature, nitrate, and chlorophyll a
along a 5°S transect from 85°W to the coast. November 1981 shows
normal conditions; November 1982 is during onset; March 1983 is
during maturation; May 1983 is during the peak of the anomaly; May
1977 shows normal conditions.
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Figure 5. Cross-shelf profiles of temperature, nitrate, and chiorophyli a
along 10°30'S from 82°W to the coast. November 1981 shows normal
conditions; November 1982 is during onset; March 1983 is during
maturation; May 1983 is during the peak of the anomaly.

that upwelling continued close to the coast despite the
5°C warm anomaly present throughout the water col-
umn. The concentrations of chlorophyll along the 5°S
transect during November 1982 and November 1983
(Figure 6) show that during onset in 1982, the phyto-
plankton-rich band, as shown by the 1 mg/m’ contour,

extended only about 30 km out from the coast; after
recovery in November 1983 it extended over 200 km
from the coast. The primary productivity along the 5°S
transect shows that an inshore productivity maximum
was present in November 1982, but productivity inte-
grated across the 5°S transect from the coast to 85°W
was much reduced (Figure 6). The mean surface pro-
ductivity along the transect during November 1982
was 51 mgC/m*/day, whereas during November 1983
the average was 192 mgC/m®/day, or 3.8 times higher.

Temperatures continued to increase as the 1982-83
event progressed into March 1983 (Figure 3); how-
ever, at the time of the March 1983 cruise the thermo-
cline was slightly shallower along the 5°S and 10°30’S
transects than it was during the onset phase (Figures 4
and 5). In March 1983, coastal upwelling continued,
as shown by the upward tilt in the isotherms close to
the coast and by the presence of the offshore-to-
inshore temperature gradient of about 3°C (Figure 6).
The narrow phytoplankton-rich band of water close to
the coast is evident in the chlorophyll sections for
March 1983, and the size of the area bounded by the 1
mg/m’ concentration remained reduced. High chlor-
ophyll concentrations were still restricted to a 30-km-
wide zone next to the coast, whereas during April
1984 the zone of the phytoplankton-rich water ex-
tended 400 km from the coast. By March 1983 the
mean surface primary productivity along the 5°S tran-
sect was reduced to 27 mgC/m’/day, whereas during
April 1984 the mean value was 245 mgC/m’/day, or
9.2 times higher than the El Nifo condition.

May 1983 conditions show the maximum expres-
sion of the biological and physical anomalies of the
1982-83 El Nifno. The SST anomalies reached 10°C,
and the middle of the thermocline was depressed be-
low 100 m (Figures 4 and 5). Temperature profiles
made during May 1983 and May 1977 provide an
interesting contrast. During May 1983 there is no
evidence of coastal upwelling; on the contrary, the
isotherms tilt downward toward the coast. During
May 1977, upward tilt typical of coastal upwelling is
very evident. In May 1983 there is no longer an
offshore-to-inshore SST gradient; on the contrary, the
inshore waters are slightly warmer (Figure 6). The
chlorophyll field for May 1983 shows that the normal-
ly rich coastal ocean has become relatively barren.
However, the July 1983 results shown in Figure 6
show the rapid phytoplankton recovery that occurred
in the nearshore zone all along the coast of Peru. After
extremely low primary productivity in May 1983,
phytoplankton production rapidly reestablished in
mid-July 1983, and the coastal waters returned to their
normally productive condition. During May 1983, the
mean surface primary productivity along 5°S had
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ABSTRACT

Environmental variability in the Benguela eastern
boundary current system appears to result from
variability in mesoscale processes like upwelling, as
well as from lower-frequency variability forced by
periods of alternate stronger and weaker advection of
warm tropical or subtropical water. Warm events can
be more extensive in the northern region, where the
seasonal advection occurs during an upwelling mini-
mum. In the south the concurrent seasonal effect of
warming and maximum upwelling may inhibit exten-
sive warm events. The effects of SST anomalies on
fish populations within the area indicate that moderate
advection of warm water may be advantageous,
whereas exceptionally strong warming may cause
diminished reproductive success. High-frequency
variability can be incorporated into fish population
models as a stochastic term in order to evaluate the
risk associated with alternative management strat-
egies, but these models have no predictive value. Fish
populations like the anchovy seem buffered against
high-frequency variability. If environmental variabil-
ity affecting recruitment is autocorrelated, it will mod-
ulate the central tendency of the recruitment, and the
appearance of stock-recruit scatter will vary in a man-
ner dependent on the fishes’ generation time and the
biomass growth pattern. A population like the an-
chovy will track the autocorrelated signal and be sus-
ceptible to depletion, particularly under a constant
catch policy.

RESUMEN

La variabilidad ambiental en el sistema de la Cor-
riente de margen oriental de Benguela parece ser el
resultado de la variabilidad de procesos de meso-
escala tales como afloramientos, asi como de la varia-
cién de baja frecuencia causada por periodos alternos
de fuerte y débil adveccion de aguas cilidas tropicales
o subtropicales. Los eventos célidos pueden ser de
mayor envergadura en la regién norte, donde la advec-
cion estacional ocurre durante los periodos de minimo
afloramiento. En el sur, el efecto estacional conjunto
del calentamiento y el afloramiento maximo pueden
inhibir eventos calidos extensos. Los efectos de las
anomalias térmicas superficiales sobre las poblaciones
de peces locales indican que advecciones moderadas
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de aguas célidas pueden ser beneficiosas, mientras que
calentamientos muy pronunciados pueden provocar
disminuciones en el éxito reproductivo. Las variaciones
de alta frecuencia pueden ser incorporadas en los mo-
delos poblacionales de peces en la forma de una vari-
able estocastica con el fin de evaluar el riesgo aso-
ciado con estrategias de manejo alternativas, pero
estos modelos carecen de valor predictivo. Las pobla-
ciones de peces como la anchoveta (Engraulis capen-
sis) parecen estar protegidas contra la variabilidad de
alta frecuencia. Si la variabilidad ambiental que incide
sobre el reclutamiento estd autocorrelacionada, ello
modelard la tendencia central del reclutamiento en
funcién del tiempo de generacién del pez y de las
caracteristicas del aumento de la biomasa. Una pobla-
cién como la anchoveta se guiard por la sefial autoco-
rrelacionada y serd susceptible de agotamiento, espe-
cialmente en condiciones de una politica constante de
captura.

INTRODUCTION

The Benguela eastern boundary current region (Fig-
ure 1) has yielded large catches of pilchard (Sardinops
ocellata), horse mackerel (Trachurus trachurus),
mackerel (Scomber japonicus), hake (Merluccius
capensis/paradoxus) and, more recently, anchovy
(Engraulis capensis) (Butterworth 1983; Crawford et
al. 1983). In most instances peak catches appear to
have followed the entry of a number of good year
classes into the fishery (Figure 2), and have not been
maintained during subsequent population down-
swings. This pattern of recruitment variability may be
related to the influence of large-scale climatic events
rather than to mesoscale, intra-annual processes like
upwelling.

The influence of large-scale, low-frequency climate
variability on fish populations has been considered by
a number of authors (Iles 1973; Soutar and Isaacs
1974; Cushing and Dickson 1976; Cushing 1978;
Smith 1978; Lasker 1978; Caddy 1979; Bernal 1981;
Chelton et al. 1982; Kawasaki 1983), and convincing
supporting evidence has been presented. In turn,
mesoscale (within season) variability in coastal dy-
namic processes has been successfully related, retro-
spectively, to fish population variability over short
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Figure 1. Bathymetry of the Benguela eastern boundary current region.

time periods for various fisheries (Parrish and Mac-
Call 1978; Nelson et al. 1977; Schaaf 1979; Boyd
1979) although Hutchings and Nelson (in press) found
no clear relationship between upwelling processes and
pelagic fish population size variations in the southern
Benguela region. There are few comparisons of the
various scales of forcing on marine biota and even
fewer occasions of successful forecasting.

Different scales of vanability have important im-
plications for fish population dynamics and conse-
quently for management. It is relatively easy to in-
corporate a high-frequency component as stochastic
recruitment variability into a model in which recruit-
ment is functionally related to spawner stock size or
egg production. This approach is valuable for demon-
strating the dangers inherent in deterministic modeling

and for comparing the risks associated with different
harvesting strategies (Beddington and May 1977;
Armstrong 1984), but it has no predictive value. In
contrast, incorporating low-frequency variability into
population models may allow some short-term prog-
nosis based on the current position in the cycle, pro-
vided the underlying density-dependence of stock
productivity has been elucidated.

In this paper, aspects of the average seasonal large-
scale pattern of physical and biological processes in
the Benguela region are described, and large-scale
environmental anomalies are related to variability
observed in neritic fish populations. The possible
effect of an autocorrelated signal on the dynamics of
fish populations is considered, by means of a theoret-
ical model.
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Figure 2. Recruitment calculated by cohort analysis for a number of neritic fish populations inhabiting the Benguela system.

SYSTEM DESCRIPTION

System Boundaries

In general terms, the Benguela is a cool, eastern
boundary current, with equatorward flow at the sur-
face, off the west coast of southern Africa. The long-
shore boundaries are formed by warm water of
subtropical/tropical origin to the north and south, in
contrast to other eastern boundary current regions,
whereas the offshore boundary is formed by a circula-
tion of warm subtropical water associated with the
South Atlantic Gyre (Hart and Currie 1960; Shannon
1966). Bang (1971) adds the interesting but arguable
caveat that the Benguela Current is the area east of the
offshore divergence within which processes are
dominated by short-term atmospheric interactions
rather than Jonger-scale climatic influences.

The cool surface waters of the Benguela Current
originate by upwelling of South Atlantic central water
from depths generally between 100 and 300 m (Stan-
der 1964; Shannon 1966). In contrast to the eastern
boundary currents off the Americas (Chelton et al.
1982), these surface waters are not contributed to by
surface advection of cool water from higher latitudes.
The migratory nature of the offshore boundary is
generally acknowledged (Shannon 1966; Bang 1971),
and large, stationary eddies extending up to 500 km
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offshore are a feature of satellite imagery (Van Foreest
et al. 1984).

Both the warm, western boundary Agulhas Current
in the south and the warm Angolan water to the north
form mixing areas of variable extent (O’Toole 1980;
Nelson and Hutchings 1983) and are loci for the
spawning of a number of neritic fish species. Pelagic
eggs and larvae in the Benguela may drift substantial
distances from the site of spawning as a result of
mixing or transport (Shelton and Hutchings 1982).
Stock separation in fish species may require distinct
larval retention areas (lles and Sinclair 1982);
Badenhorst and Boyd (1980) and Boyd and Hewitson
(1983) have presented evidence from anchovy larval
distribution compatible with a southern retention area
for anchovy extending as far north as Liideritz. Catch-
based information indicates anchovy recruitment
epicenters in Walvis Bay and St. Helena Bay (Craw-
ford et al. 1983; Crawford 1980). The Liideritz region,
a site of intense perennial coastal upwelling, lies be-
tween these two epicenters. Larvae must also be re-
tained within the Agulhas Bank region in significant
numbers, because juvenile anchovy and pilchard are
eaten by inshore predators in the vicinity of Algoa Bay
(Batchelor and Ross 1984); however, the relative
strength of recruitment to the east of Cape Town has
not been assessed.
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Topography

The most striking difference between the Benguela
region and other eastern boundary current regions is
the termination of the land mass at a relatively low
latitude, resulting in an overall convex shape in the
south (Figure 1). These features allow easterly moving
cyclones an unimpeded passage south of the continent
(Nelson and Hutchings 1983), and the penetration of
warm western boundary current Agulhas water onto
the west coast under certain conditions, particularly in
summer and early autumn (Shannon 1966). This latter
feature is unique among eastern boundary current
regions.

The bottom topography is characterized by a double
shelf break over much of the coast, with strong gra-
dients in the vicinity of the 100-m to 200-m and
beyond the 500-m contours (Figure 1). The inner shelf
is relatively wide in the vicinity of the Orange River
(Orange River Cone), and to the southeast of Cape
Town over the extensive Agulhas Bank; at these
places the double break largely disappears. Off the
Cape Peninsula (on which Cape Town is situated),
Cape Columbine, Hondeklip Bay, Liideritz, and Cape
Frio, the 200-m contour lies particularly close to the
coast, and a steep bottom slope occurs. Off Cape
Columbine and the Cape Peninsula the outer break is
contorted into the Cape Canyon and Cape Point Val-
ley, respectively.

The general flow of the Benguela is considered to
be topographically steered (Nelson and Hutchings
1983), with regions of enhanced flow resulting from
baroclinic jet currents associated with regions where
the shelf break is particularly steep (Bang and
Andrews 1974). Shannon et al. (1981) have suggested
that the Cape Point Valley may act as a conduit for
cold water entering the system, and the Cape Canyon
off Cape Columbine may have a similar role. The
narrowing of the shelf at a number of localities along
the coast coincides with areas of enhanced upwelling
activity (Nelson and Hutchings 1983), particularly at
Cape Frio, Liideritz, Hondeklip Bay, Cape Col-
umbine, and the Cape Peninsula.

Climatic Influences

The main climatic influences on the system are the
South East Atlantic high-pressure anticyclone, which
lies off the west coast of southern Africa causing
perennial equatorward winds over the Benguela region
north of 32°S, and the eastward-moving cyclones to
the south of the continent. The possible influence of
the Indian Ocean High on the Benguela system has not
been investigated in any detail.

The South Atlantic High moves southeastward in
spring to lie closer to the coast in summer (December

to February) and retreats to the northwest in autumn to
lie farther north and offshore in winter (June to Au-
gust). The movement of the South Atlantic High is
responsible for decreasing the equatorward wind stress
over the region 25°-35°S in winter and increasing it in
spring, summer, and, to a lesser extent, autumn.
Therefore, the southern sector of the Benguela region,
which includes the Liideritz upwelling center at 27°S,
has maximum upwelling in these seasons, in contrast
to the northern Benguela region, which has a summer
upwelling minimum (Stander 1963; Parrish et al.
1983).

The passage of easterly moving cyclones south of
the continent (often accompanied by the rapid south-
ward movement of a coastal low-pressure system
formed in the Liideritz vicinity) modulates the season-
al trends in upwelling winds on a time scale of 3 to 6
days in the southern Benguela region (Nelson and
Hutchings 1983). A similar time scale of variation has
been noted in the winds at Walvis Bay. Nelson and
Hutchings (1983) describe in detail the sequence of
events following the passage of a summer low-
pressure center: the South Atlantic High elongates and
ridges round the south of the continent, causing in-
tense southeast wind stress in the southern Benguela
region along both the south and west coasts. Schu-
mann et al. (1982) showed that upwelling occurred at
capes along the south coast as far east as Cape Recife
under these conditions.

Large-Scale Circulation

Discussion of the water movement within the Ben-
guela region by Nelson and Hutchings (1983) and
Shannon (in press) underscores the complexity of the
system. In this paper, a more generalized overview
will be given.

Direct measurement of surface currents (in the up-
per 20 m) between 18° and 35°S by means of drift
cards (Duncan and Nell 1969; Shelton and Kriel 1980)
and drogues (Harris and Shannon 1979; Shelton and
Hutchings 1982; Brown and Hutchings, in press; Boyd
and Agenbag, in press) indicate that movement of the
surface waters in the Benguela region is generally in
the direction of the wind forcing and therefore
equatorward. In the vicinity of a front between dense
upwelled water and less dense oceanic water, this
northward movement can take the form of a baroclinic
jet current (Bang and Andrews 1974), which may
persist for an entire season (Brundrit 1981). Inshore, a
countercurrent has been observed to occur between
32° and 34°S, particularly in autumn and winter (Dun-
can and Nell 1969; Brown and Hutchings, in press).

Recently obtained current meter data indicate domi-
nant southward flow over the shelf in the subsurface
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layer (deeper than 40 m) in the southern Benguela
region between 32° and 34°S (Nelson and Hutchings
1983). In the northern Benguela the existence of a
southward-flowing subsurface compensation current
was proposed by Hart and Currie (1960). Although
direct current measurements are sparse in this area,
indirect evidence from analysis of low-oxygen water
and dynamic topography convincingly supports the
existence of such a countercurrent north of Walvis Bay
and possibly as far south as Liideritz (Stander 1964,
Moroshkin et al. 1970; Nelson and Hutchings 1983).
In the region between Walvis Bay and 32°S, De Deck-
er (1970) showed that southward advection can also be
detected by tracing low-oxygen water, but Bailey
(1979) found the situation more variable in the Liide-
ritz region,

In the far north (15°-18°S) warm, high-salinity
Angolan water regularly advances at the surface as far
as Cape Frio in summer and early autumn (Stander
1964; O’Toole 1980; Badenhorst and Boyd 1980), but
the presence of this water mass (with salinities >
35.5%; O’Toole 1980) is seldom recorded farther
south, other than as a thin tongue or without substan-
tial mixing having occurred. In 1984 Angolan water
advanced much farther south than usual, with drastic
effects on the biota (Boyd and Thomas 1984; Boyd et
al., in press), and this event will be discussed later. In
the south, Agulhas Current water and Agulhas Bank
mixed water (a mixture of Agulhas Current water and
South Atlantic surface water) frequently penetrate the
west coast, particularly in summer and early autumn
(Shannon 1966; Bang 1973; Bang and Andrews 1974).

The extensive western boundary between upwelled
water and oceanic water has recently been shown by
satellite imagery to contain dynamic features that have
been largely overlooked in previous studies (Shannon
et al. 1983; Van Foreest et al. 1984). The spatial scale
suggests that this boundary may be important in the
interannual variability of the productive zone’s extent
within the Benguela system. The offshore eddies de-
scribed by Van Foreest et al. (1984) may be important
leaks of productive eastern boundary current water off
the shelf and may result in a loss of neritic larvae.
However, these eddies may maintain zooplankton
populations as food sources for large populations of
mesopelagic fish, which are thought to exist offshore
of the shelf break.

SEASONAL SIGNAL

Large-scale studies, which may be most relevant to
the recruitment processes of neritic fish populations
within the Benguela system, have been few (Wooster';

'Wooster, W.S. 1973. Upwelling in the Eastern Atlantic. Abstracts of the South
African National Symposium, Cape Town, 6-10 August 1973.
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Parrish et al. 1983; Christensen 1980; Boyd and Agen-
bag, in press; McLain et al. 1985). However, these
studies present a clear seasonal ‘‘average’’ sea-surface
temperature pattern, which can be related to the
observed pattern of fish distribution, spawning, and
recruitment, and against which climatic perturbations
can be measured.

Sea-Surface Temperature

Wooster’ examined monthly averages of sea-surface
temperature for one-degree squares (which often do
not reveal coastal upwelling sites like those off the
Cape Peninsula) for the entire west coast of southern
Africa. The data (Figure 3) show two temperature
minima, one centered between Cape Frio and Mowe
Point, and the other off Liideritz, from July through
September. These minima correspond to the winter-
spring upwelling centers of Cape Frio and the peren-
nial upwelling center at Liideritz. Water warmer than
18°C occurs north of Walvis Bay in summer (De-
cember-March) and in the Cape Town region in Janu-
ary and February. Between these two regions the
perennially cold water centered at Liideritz dominates
the pattern.

In the most comprehensive analysis of its kind,
Parrish et al. (1983) averaged one million sea-surface
temperature measurements in the Benguela region to
obtain bimonthly values for one-degree squares. They
selected January and February to represent summer,
and July and August to represent winter. Their data
(Figure 4) support and extend the earlier perspective
obtained by Wooster’. In particular, they show that in
winter the area covered by water < 16°C is extensive
both in the longshore and offshore directions, whereas
in summer the 18°C isotherm encapsulates the Liide-
ritz to Cape Columbine area within a narrow segment
close to the coast, with water warmer than 20°C form-
ing a pincerlike pattern from the north and south. The
isotherms from the north seem linked to subtropical
Angolan water, whereas those from the south seem
linked with the Agulhas Current.

Christensen’s (1980) charts of monthly average sea-
surface temperature, constructed from 10-day mean
data spanning 1968-78, emphasize the apparent exten-
sion of warm water of Agulhas Current origin onto the
west coast in summer (Figure 5). They also show the
pronounced temperature front and the divergence of
isotherms offshore in the vicinity of Cape Columbine.
By comparison, in winter the front is weaker, and the
cool coastal water extends farther offshore.

The data presented by Boyd and Agenbag (in press)
extend Christensen’s analysis and demonstrate that an

2Ibid.
3Ibid.
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Figure 3. Monthly mean SST measurements for the coastal area of the
Benguela system (from Wooster, W.S. 1973. Upwelling in the Eastern
Atlantic. Abstracts of the South African National Symposium, Cape
Town, 6-10 August 1973).

area of water cooler than 16°C extends along the entire
coast between 18°S and 34°S up to 220 km offshore in
winter (Figure 6). This cool area is considerably con-
tracted in summer, with stronger offshore gradients set
up by warmer water offshore.

Although the data from large-scale sea-surface
temperature studies suggest that summer warming can
be linked to the increased advection of water of sub-
tropical and tropical origin onto the west coast, a
component is due to solar heating of oceanic water.
However, data from over 2,000 hydrocasts spanning
12 months taken in the southern Benguela region show
that the warm water in summer can occur as a substan-
tial layer of up to 60 m deep (e.g., Figure 7), indicat-

ing a strong advected component of Agulhas Current
origin in the south. The observation that Agulhas
Current water is advected considerable distances up
the west coast can be substantiated from the distribu-
tion of certain Agulhas Current copepod species de-
scribed by De Decker (1984).

Plankton Abundance and Distribution

As a result of having warm water close to the coast
in summer and strong upwelling inshore, an excep-
tionally strong thermal gradient can be set up in the
southern Benguela, particularly off the Cape Peninsu-
la and off Cape Columbine. This feature takes the
form of a front during upwelling (Figure 8a) and as a
strong thermocline during lulls in upwelling (Figure
8b). Low levels of chlorophyll were found beyond the
front in January 1978, but the chlorophyll concentra-
tion was high where upwelling displaced the nutricline
toward the surface close to the coast (Figures 8a and
9a). During summer lulls in upwelling, the warm
water advances as a substantial layer resulting in low
chlorophyll levels with a weak subsurface maximum
associated with the thermocline (Figures 8b and 9b).

The change in the distribution of high chlorophyll
and plankton concentrations resulting from seasonal
changes in temperature structure can be clearly seen in
Figures 10 and 11. In winter, surface temperature is
relatively isothermal, and chlorophyll is fairly wide-
spread, but concentrations are low because of mixing
and weak solar irradiation (Figure 10). Plankton con-
centrations in winter are most abundant north of the
Cape Peninsula, particularly in the St. Helena Bay
region (Figure 11a). As light levels and upwelling
increase in spring, high concentrations of chlorophyll
and plankton are encountered over a larger area. In
summer, warm water close to the coast results in a
strong thermal front and a severe reduction in the
extent of the productive area. This area becomes lim-
ited to the vicinity of the upwelling centers off the
Cape Peninsula and Cape Columbine, as well as St.
Helena Bay—immediately downstream. Relaxation
of the front in late autumn allows an expansion of the
productive area and a return to winter conditions of
relatively widespread concentrations of chlorophyll
and plankton. As a result of this ‘‘bellows’’ effect, the
distribution of plankton changes dramatically.
Although the standing stock of plankton may increase
in winter, the production may be less because of low
light levels and reduced nutrient regeneration. Plank-
ton standing stocks are consistently high in the inshore
area north of the Cape Peninsula and particularly in St.
Helena Bay (Figure 11b).

From the data presented by Kruger (1983) and Kru-
ger and Boyd (1984), phytoplankton displaced volume
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Figure 4. Summer and winter mean
SST measurements for one-de-

in the northern Benguela region appears to be con-
sistently high in the coastal area between Liideritz and
Walvis Bay, just north of the center of perennially
strong upwelling. Zooplankton displaced volume is
most often highest farther offshore and farther north
between Walvis Bay and Cape Frio. During upwelling
in the region north of Walvis Bay, the productive zone

Figure 5. Summer and winter mean SST from an analysis of ten-day
mean values from 1968 to 1978 for the coastal area off southern Africa
(from Christensen 1980).
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gree squares in the Benguela sys-
tem (from Parrish et al. 1983).

expands northwards (Figure 12a), whereas advection
of warm surface water from the north and west results
in generally lower productivity. (Figure 12b).

Fish Distribution, Spawning, and Recruitment

In both the northern and southern Benguela regions,
spawning of a number of commercially important
neritic species like pilchard, anchovy, and hake occurs
mostly from spring to autumn, and is associated with
the mixing areas between Benguela Current water and
warm surface water advected into the system (O’Toole
1976, 1977, Crawford 1980; Crawford et al. 1983;
Shelton and Hutchings 1982; Shelton 1984). Sites of
strong offshore transport are avoided, even though
productivity may be highest in these areas. Rapid egg
development in the warmer water may result in in-
creased early survival, and first-feeding larvae may
benefit from food concentrated in strong fronts and
thermoclines set up by the interplay between upwell-
ing, advective processes and solar heating.

Dispersal after spawning is predominantly north-
wards in both regions, following the general equator-
ward flow of the Benguela Current at the surface. But
accelerated transport of anchovy eggs and early-stage
larvae has been recorded in a frontal jet off Cape
Town (Shelton and Hutchings 1982) and may occur at
other sites of strong horizontal temperature gradients,
such as off Cape Columbine. In the southern region,
recruitment of O-year-old anchovy takes place along
the west coast from midautumn onwards and is initial-
ly strongest to the north of St. Helena Bay (Crawford
et al. 1983). Recruits may benefit from the consistent-
ly high plankton standing stock in the inshore region
between Lamberts Bay and Cape Town (Figure 11b).
In the northern region, anchovy and pilchard O-year-
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MONTHS

olds recruit into the fishery in the vicinity of Walvis
Bay from May onwards (Crawford et al. 1983). South-
ward movement of shoals of 0-year-old fish detected
by fishing boats at this time of year may be facilitated
by inshore countercurrents in the two regions.

In the southern Benguela region, the southward
migration is initially into the productive coastal zone,
where the fish feed before moving offshore onto the
Agulhas Bank to spawn. There, moderately warm
17°-18°C water is widespread in spring and early
summer (Figure 10). Anchovy in the northern Ben-
guela region recruit over several winter months off
Walvis Bay before reappearing in the spawning
ground farther north. This return migration may occur
in northerly flowing water offshore of the main fishing
ground, which is confined to the area close to the

80

and August 1978.

coast. Recruitment patterns are similar in both the
northern and southern regions, but in the south
anchovy larvae reach the recruitment ground by the
northward-flowing Benguela Current and the spawn-
ing ground via a countercurrent; whereas in the north-
ern Benguela region a countercurrent may assist the
recruitment migration, and the main flow of the Ben-
guela Current may aid the spawning migration.

The occurrence of water warmer than 20°C on the
Agulhas Bank in late summer and early autumn (Fig-
ures 5 and 10) appears to reduce the area suitable for
spawning and concentrate adult spawning fish closer
inshore, since very few anchovy eggs are found in the
warm water, and the catch rate of adult anchovy by the
purse seine fleet operating inshore increases at this
time. A rapid decline in the catch rate of adult
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anchovy in late autumn is coincident with the seasonal
cooling of surface waters on the Agulhas Bank. By
winter the warm water is confined to the body of the
Agulhas Current (Figure 5). There is a marked east-
ward movement of anchovy and pilchard up the coast
in autumn (Crawford 1981a, b).

Neritic species inhabiting the Benguela system
generally avoid winter spawning. This may be be-
cause in winter, onshore advection of warm water is at
a minimum; temperature near the surface is cool and
relatively isothermal; offshore transport is not con-
strained by strong fronts; and plankton is distributed
over a large area rather than concentrated close to the
coast. In the southern region, lantern fish, Lampanyc-
todes hectoris, and round herring, Etrumeus teres,
are normally associated with the shelf edge and appear
to spawn predominantly in winter (Figure 13), pos-
sibly in response to the more widespread distribution
of plankton in this season.

INTERANNUAL SIGNAL

If the strong seasonality in plankton distribution as
well as the distribution, spawning, and recruitment of
pelagic fish in the Benguela system is linked to the

DEPTH (m)

~_———/20

.: %

\\

Figure 8. Temperature sections taken off Cape Columbine in (a) January,
and (b) March 1978.

z\_\\KKL
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TEMPERATURE {'C)
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seasonal influence of warm water, interannual
variability in the strength and extent of warm condi-
tions may have a major effect on year-class strength.
Extensive occurrence of warm water could severely
limit plankton production and concentrate fish in a
restricted environment where density-dependent
population responses may be intensified. Alternative-
ly, during a cool period, spawning and dispersal of
eggs and early-stage larvae, as well as food for first-
feeding larvae may be adversely affected. The influ-
ence of within-season departures from the seasonal
average of onshore, warm-water advection or upwell-
ing may be difficult to detect in terms of year-class
strength and may require intensive sampling of dif-
ferential mortality within a cohort subsequent to
spawning. However, prolonged periods of warming or
cooling could be expected to have a more apparent
influence on spawner biomass and recruitment
strength.

Guano Record

A historic time series of the annual amount of guano
collected on islands off Namibia and off South Africa
(Figure 14) may reflect past fluctuations in the com-
bined pilchard, anchovy, and horse mackerel biomass
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Figure 9. Chiorophyll a section off
Cape Columbine in (&) January,
and (b) March 1978.

(Crawford and Shelton 1978), in the absence of any
more direct historic record. The Namibian and South
African guano records are significantly positively
correlated (r = 0.37, n = 73). This could be a result
of similar trends in the abundance of pelagic prey
species off both Namibia and South Africa, which in
turn could have resulted from large-scale environmen-
tal phenomena that impacted the whole system over
periods of decades.

The individual guano records for Namibia and
South Africa show significant autocorrelation with
time lags of up to five years (Figure 15). This could be
attributed to similar autocorrelation in the prey bio-
mass resulting from the smoothing of random environ-
mental variability by the multiple age-group prey
spawner populations, or by smoothing within the sea-
bird populations themselves. Alternatively, auto-
correlation in the guano records could be caused by
low-frequency environmental effects directly on the
seabird populations or on their prey. While no un-
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equivocal interpretation of the guano record is pos-
sible, the argument that environmental autocorrelation
in the Benguela system is an important signal is not
invalidated.

Sea-Surface Temperature and Sea Level

In the southern Benguela region, advection of warm
water outside the upwelling front is most marked dur-
ing the seasons of strongest upwelling and is aided by
the prevaling upwelling-favorable wind stress, where-
as in the northern Benguela region the normal seasonal
advance of Angolan water occurs during the upwelling
minimum, tending to oppose the wind forcing. Hence
the mechanisms for advection of warm water differ
within these two regions in the Benguela Current sys-
tem. In the south, advection of Agulhas Current and
Agulhas Bank mixed water outside the coastal upwell-
ing zone would tend to reinforce the frontal feature,
whereas in the north, a southward intrusion tends to
deepen the thermocline and suppress upwelling. The
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Figure 10. Seasonal pattern of surface temperature and chlorophyll a
distribution in the southern Benguela region in 1977-78 (from Shannon
et al. 1984).

northern Benguela region would therefore seem more
susceptible than the south to a large-scale El Nifio-
type anomaly, although a high incidence of onshore
(westerly) winds or periods of calm in the south during
summer and early autumn could be expected to have a
measurable effect in terms of SST anomaly in the
coastal zone.

A major warm event was recorded in the northern

Benguela region in 1963 and was well documented by
Stander and De Decker (1969). Brundrit (1984) found
that this coincided well with a mean sea-level peak
that is clearly visible in the records from Walvis Bay
and Lideritz and detectable as far south as Cape
Town. Annual mean SST measurements recorded in
the vicinity of Walvis Bay from 1955-67 and from
1969-79 from two different sources (Figure 16) show
that 1963 was the warmest year in a warm period that
began in 1961. A similar but less intense warm period
began in 1972 and peaked in 1974 (Figure 16) and is
reflected by increased sea levels at Liideritz (Figure 2
in Brundrit 1984). McLain et al. (1985) present mean
SST data for three-degree squares for the entire west
coast of southern Africa from 1971-84. Their data
show that a large portion of the Benguela system was
subject to a positive temperature anomaly between
1972 and 1977.

Boyd and Thomas (1984) and Boyd et al. (in press)
report a further major warm event in 1984 when
warm, saline Angolan water penetrated particularly
far south, suppressing upwelling and leading to ex-
tremely low volumes of phytoplankton. In March and
April 1984, water temperatures were 3° to 6°C warmer
than average over large areas, but conditions appeared
to return to normal in May. However, monthly moni-
toring cruises in the winter of 1984 showed warmer
and more-saline-than-average water off Walvis Bay in
June and August 1984, indicating a sustained warm
period throughout the winter. The 1984 anomaly in the
northern Benguela region is particularly clear in the
data presented by McLain et al. (1985) as a southward
projecting tongue of Angolan current water that raised
temperatures by more than 2°C from the mean shown
in the three-degree-square analysis.

Although SST anomalies as strong as those that
occurred to the north of Liideritz in 1963 and 1984 are
not apparent in data records for the southern Benguela
region, SST measurements made in Table Bay at Cape
Town from 1956-80 (Figure 17) and mean annual SST
values for three-degree squares for the period from
1971-84 (McLain et al. 1985) show that a generally
warm period spanned the late 1950s and early 1960s,
with a maximum SST anomaly in September and
November 1963. A second warm period from 1972-77
is evident in the three-degree-square analysis as well
as the Table Bay data. The three-degree-square analy-
sis also shows that a substantial cool period extending
over much of the Benguela system began in 1978 but
may have terminated in 1984, coinciding with the
warm event north of Lideritz. The cooling in SST
corresponds to decreased sea levels measured at
Simons Bay near Cape Town (Figure 3 in Brundrit et
al. 1984).
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arf . .
: The mechanisms causing prolonged warm and cool
i periods in SST and changes in sea level in the Ben-
sl guela system may be linked to changes in large-scale
i climatic processes, such as deviations in the seasonal
i change in the position of the South Atlantic high-
Wt pressure system, which may affect both upwelling and
L advection. The Pacific El Nifio is known to be forced
s by the Southern Oscillation phenomenon (Philander
sk
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1983), and Walker et al. (1984) have quoted Van Loon
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Figure 12a. Northern Benguela region surface temperature and plankton displaced volume from vertical tows from 50 m to the surface with a
50-cm-diameter net fitted with 80-micron mesh for November 1982 (from Kruger and Boyd 1984).

and Madden (1981) as demonstrating that during a
Pacific warm event, negative atmospheric pressure
anomalies arise over the central South Pacific Ocean
in phase with negative anomalies over the South
Atlantic Ocean, south of 35°S. Walker et al. (1984)
also show a close relationship between annual (1976-
83) SST measurements in the southern Benguela re-
gion and the southerly extent of the Subtropical Con-

vergence. Northward displacement of the Subtropical
Convergence was found by Gilooly and Walker
(1984) to indicate increased frequency of cold fronts
to the south of the continent and a northward shift in
the mean position of the South Atlantic High. This
represents an annual shift toward winter conditions.
Tyson (1981) has examined the occurrence of ex-
tended wet and dry spells over the southern African
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subcontinent, which is predominantly a summer rain-
fall area, and reports that 1963-72 was a dry spell and
1973-79 a wet spell. Since 1979, the southern African
subcontinent has experienced severe drought condi-
tions, which may have only recently been broken. The
dry spells coincide with cold SST, and the wet spells
with warm SST shown in both Figure 17 and in the
analysis of McLain (1985).
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Tyson (1981) showed that the subcontinental wet
and dry spells have occurred in association with
atmospheric circulation variations, which impart a
quasi-18-year oscillation in rainfall. However, he also
identified a 10-11-year rainfall oscillation for the win-
ter rainfall area near Cape Town. A cycle fitted to the
Cape rainfall data by Vines (1980), shown in Tyson
(1981), is in phase with the variability shown in Figure
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Figure 16. Mean annual SST mea-
surements from a site near Walvis
Bay for the period 1955-79. The
temperatures for 1955-67 were
from hydrologica! data, those
from 1969-79 from general ship-
ping. The latter data were adjusted
to have the same mean as the for-
mer. Means were computed for
each 12-month period beginning
in September and extending
through the following August; the
resulting annual mean value was
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16 and links cool annual temperatures at Walvis Bay
with increased rainfall in the Cape.

Effect on Fish Populations

The 1963 warm event in the northern Benguela
region shifted shoals of pilchard southwards in the
Walvis Bay region. These fish were in poor condition,
gave low oil yields, and had reduced gonad develop-
ment with consequently diminished egg production

then plotted in the position corre-
sponding to February on the time
axis.

over the spawning grounds (Stander and De Decker
1969). The major warm event that occurred in the
northern Benguela region in 1984 also caused pilchard
to concentrate close to Walvis Bay, leading to high
catch rates. There was a failure of anchovy recruit-
ment caused apparently by reduced spawning activity
accompanied by low survival of larvae in the ex-
cessively warm water of up to 26°C (Boyd and Thom-
as 1984).
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data).
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Boyd (1979) suggested that consistent and warm
December-April temperatures from 1972-75 favored
anchovy recruitment, whereas highly variable temper-
atures in 1976 and 1977 coincided with poor recruit-
ment. Increased variability in SST has been observed
to result from either intense upwelling events in sum-
mer (e.g., Stander 1963) or a major advection phe-
nomenon {(e.g., Stander and De Decker 1969; Boyd
and Thomas 1984).

In the southern Benguela region the pilchard re-
source collapsed over the period 1960-67, with very
low recruitment resulting from the spawning that took
place in the summer of 1963-64 (Figure 2). This coin-
cides with a maximum SST anomaly of more than 2°C
in Table Bay in September and November 1963 (Fig-
ure 17). The warming that began in the southern Ben-
guela region in 1972 corresponds to years of apparent-
ly good recruitment of anchovy (Figure 2).

However, an alternative interpretation of the
anchovy response may be that availability of adult fish
increased in the inshore fishing zone because of the
increased influence of Agulhas Current water on the
Agulhas Bank. The elevation of adult catchability
under such conditions is not accounted for in the
cohort analysis performed to estimate year-class
strength and biomass. The period of cooling over the
early 1980s coincided with a marked decline in the
catch of adult anchovy in the southern Benguela. This
has conventionally been attributed to poor recruit-
ment, whereas a relaxation of advection may have

reduced the incidence of adult anchovy close inshore.

Although the relationship between the Benguela sys-
tem’s neritic fish populations and periods of warming
and cooling still must be rigorously examined, it can
be inferred from this descriptive study that the popula-
tions do respond to low-frequency environmental forc-
ing. Further, there is some evidence that periods of
exceptionally strong SST anomaly adversely affect
year-class strength, whereas moderate warming may
be advantageous to some neritic fish.

Incorporation into Population Models
High-frequency and essentially unpredictable en-
vironmental variability can only be incorporated as a
stochastic ‘‘noise’” term in fish population models.
These models have no predictive value, but can be
used in Monte Carlo simulations to estimate the risk of
collapse associated with alternative management
strategies, provided the statistical description of the
variability is adequately known. The central tendency
of the variability can be expected to be strongly mod-
ulated if, in addition to random variability on a short
time scale, autocorrelation over a longer period
occurs. Swartzman et al. (1983) developed an
approach for managing the Pacific whiting fishery in
which separate stock-recruit curves could be used dur-
ing periods of ocean warming or cooling, and risk of
overfishing could be assessed according to stochastic
recruitment variability around the appropriate curve.
The potential importance of autocorrelation of en-

@) (b)
.| ©) (d)
0 60

Figure 18. A sine wave with a wavelength of 20 years and an amplitude of 0.67 to 1.33 of the mean value (a), used multiplicatively to vary the central
tendency of a log-normally distributed random number sequence with a range of 0.5 to 2.0 times the mean value (b). This resulted in the signal (¢), which
was used to modify recruitment generated in the model from which the spawner stock (d) was obtained.
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vironmental variability that modifies recruitment suc-
cess has been examined by means of a theoretical
model of the anchovy population, which uses the same
population parameters as those in Armstrong (1984):

R = (e a) Pexp(-SP°)

where R is the number of anchovy recruits,
P is the parent biomass,
a is a parameter expressing density-indepen-
dent prerecruit mortality and specific fecundity
of spawners,
€(0,0) is a random number from a normal dis-
tribution with mean of zero and standard devia-
tion o,
B is a parameter expressing density-dependent
prerecruit mortality, and
¢ is an exponent modifying the severity of
density-dependence (MacCall 1980).

To simulate the response to an autocorrelated environ-
mental variable, the density-independent term (o) of
the stock-recruit function was made to follow a sine
wave with a wavelength of 20 years and minimum and
maximum values of 0.67 and 1.33 times the mean
value (Figure 18a). To simulate the unpredictable
component of environmental variability, this term was
perturbed using a multiplicative log-normally distrib-
uted random number sequence with a mean of 0.0 and
a standard deviation of 0.35, which resulted in a range
of values of about 0.5 to 2.0 (Figure 18b). The result-
ing signal was used to modify recruitment generated
by the model, which assumes an asymptotic stock-
recruit curve, age at maturity of one year, and an
instantaneous rate of natural mortality of 1.0. The
spawner stock biomass sequence generated by the
model shows that the population filters out the random
variability and returns the autocorrelated signal (Fig-
ure 18d). This demonstrates that a population with
parameters like those assumed in the model will be
well buffered against random variability but strongly
modulated by an autocorrelated signal.

The periodicity of any cyclical change will affect
population growth according to the generation time of
the fish and the biomass growth pattern of each year
class. The spawner biomass of short-lived species will
react quickly to changes in recruitment, whereas long-
lived species may exhibit a considerable time lag be-
tween a period of enhanced or depressed reproductive
success and its effect on subsequent spawner biomass
levels.

Fish species with delays of several years between
hatching and the maximum reproductive output of a
year class may oscillate out of phase with an environ-
mental cycle if the wavelength of the cycle is approx-
imately double the average age of the spawning
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Figure 19: Theoretical stock-recruit functions for fish species, showing
possible ranges of recruitment variability (broken lines): (a) with no
autocorrelation in the environmental variable affecting recruitment, (b)
with autocorrelation in environment exhibiting a periodicity of approx-
imately double the average age of the spawner population, and (c)
autocorrelation in environment exhibiting a periodicity of approximate-
ly eight times the average age of the spawning population. Arrows
indicate temporal progression of stock-recruit values under the influ-
ence of the autocorrelated environmental signal without random
variability.

population. Reduced spawner biomasses following
years of depressed year-class strength would coincide
with a period of favorable environment for spawning
and recruitment, giving the impression of high pro-
ductivity at small spawner stock sizes (Figure 19b).
This would result in an overestimate of the severity of
density-dependence, and an overestimate of maximum
average yield (MAY).
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If the environmental cycle is of long wavelength in
relation to the average age of fish in the spawning
population, the spawning biomass will tend to come
into phase with the cycle, and the stock-recruit data
will suggest low productivity at reduced biomass and
high productivity at elevated biomass levels (Figure
19¢). This will result in an underestimate of the degree
of density-dependence and an underestimate of MAY.
In either case, the influence of autocorrelation in year-
class strength would increase the probability of severe
stock depletions, particularly under constant catch
policies.

The theoretical examination of the potential effect
of autocorrelated environmental variability makes it
seem important to improve the description of the
larger-scale variability component in the Benguela
system and in other eastern boundary current systems,
and to develop appropriate harvesting strategies that
are robust to runs of years in which environmental
conditions adversely affect recruitment. If cycles in
environmental conditions, similar to those found by
Tyson (1981) for rainfall over the southern African
continent, can be determined in the marine environ-
ment, and shown to consistently affect recruitment,
then a measure of recruitment prediction may be
feasible.
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ABSTRACT

The maximum steady state yield of a marine eco-
system is set by the input of primary nutrient, and the
associated rate of production that is termed ‘‘new
production.”” At the simplest conceptual level, new
production can be related directly to, and estimated
from, nitrate input or nitraté uptake. Using such a
simple assumption, one can predict that, for a given
vertical velocity during upwelling, the new production
at 15°S, Peru, would be about twice that of the upwell-
ing center at northwest Africa, as a consequence of the
Atlantic’s relative nutrient poverty. However, ‘‘re-
generated’’ nitrogen production, based upon nitrogen
recirculated through grazing pathways, also increases
with increased new nitrogen production.

Additional complexities arise from the adaptive re-
sponses of phytoplankton to upwelling conditions.
The maximum specific nitrate uptake rate is a function
of the initial nitrate concentration, but the actual rate
realized is often reduced below maximum by other
environmental factors, e.g., deep mixing. This occurs
in northwest Africa, where high upwelling rates in-
duced by high wind stress do not compgnsate for low
source-water nutrient concentrations caused by deep
mixing of the phytoplankton.

There are other direct effects of nitrate concentra-
tion on phytoplankton physiology, including enhanced
assimilation number. So the responses of phytoplank-
ton to increased nitrate input and concentration should
be nonlinear and will probably approximate an ex-
ponential relationship.

RESUMEN

La maxima productividad sostenida de un ecosis-
tema marino estable estd determinada por el aporte de
nutrientes primarios y por el ritmo de produccion
correspondiente, denominado ‘‘nueva produccion’’.
Al mas simple nivel conceptual, la nueva produccion
puede ser relacionada directamente a, y estimada
directamente de la entrada o del consumo de nitrato.
Usando un supuesto tan simple, se puede predecir que
para una velocidad vertical de afloramiento dada, en
Peru, a los 15°S, la nueva produccién seria el doble
que la del noroeste de Africa, como consecuencia de
la pobreza relativa de nutrientes en el Atlantico. Sin
embargo, la produccién ‘‘regenerada’’ de nitrégeno,

basada en el nitrégeno recirculado a través de los
ciclos de pastoreo, también aumenta con el in-
cremento en la produccién de nitrégeno nuevo.

Complicaciones adicionales se generan por la res-
puesta adaptativa del fitoplancton a las condiciones de
afloramiento. El mdximo ritmo de incorporacion espe-
cifica de nitrato es una funcién de la concentracién
inicial de nitrato, pero el ritmo realmente alcanzado
estd a menudo por debajo del maximo debido a otros
factores ambientales, e.g., mezcla a profundidad.
Esto ocurre en el noroeste de Africa donde fuertes
vientos inducen altos ritmos de afloramiento, pero no
compensan el bajo contenido en nutrientes de las
aguas de origen, provocado por la mezcla de fito-
plancton hasta capas profundas.

Existen otros efectos directos de la concentracion de
nitrato sobre la fisiologia del fitoplancton, incluyendo
el aumento en el nimero de asimilacién. En con-
secuencia, las respuestas del fitoplancton al aumento
del aporte y concentracion de nitratos deberian ser
no-lineales y probablemente se aproximen a una rela-
cién exponencial.

INTRODUCTION

Recent investigations of major coastal upwelling
systems of the world have indicated that there are
consistent differences between areas in the magnitude
and seasonal distribution of biological production
(Codispoti et al. 1982). Although some of these differ-
ences are due to the persistence and intensity of up-
welling, the depth of the mixed layer, and the presence
of an undercurrent on the shelf, the primary variable is
the vertical flux of inorganic nutrients (Barber and
Smith 1981). In this paper I will discuss how nutrient
flux and nutrient concentration, especially nitrate,
affect the magnitude and patterns of biological pro-
duction in coastal upwelling systems.

Source waters for upwelling, usually from depths of
200 m or less (Barber and Smith 1981), show differ-
ences in nutrient concentration as a result of oceanic
circulation patterns. For example, the North Atlantic
is notably poor in nutrients because there are more
exports than imports across the equator (Redfield et al.
1963). These differences in source-water concentra-
tion are reflected in the reported values of the max-
imum surface nitrate concentration (Table 1). These
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TABLE 1
High Nutrient Concentrations Observed at the Surface in Different Upwelling Regions*

NO;~ PO, Diss. Si
Region Reference pg-at.17! pg-at.1-! pg-at.1!
Aleutian Islands Hood and Kelley 30 2.5 70
53°N, 170°W (1976)
Coastal Peru Hafferty et al. 27 2.2 22 Sta. 207
15°S (1978) 2t 2.2 31 Sta. 344
Somali coast Smith and Codispoti 20 1.6 16
north of 10°12’'N (1979)
N.W. Africa Friebertshauser et al. 12 1.0 7 Sta. 14
22°N (1975) 11 1.0 8 Sta. 161
Mediterranean Sea Minas (1968) — 0.1 —_
43°N, 5°E
Pt. Conception, Calif. OP1, HydroT (1981) 32 24 33 Sta. 123
Pt. Conception, Calif. OP2, Hydrot (1983) 21 2.7 27 Sta. 78

*Modified from Codispoti (1984)
+Unpublished data reports

range from 32 pg-at.1-! at Point Conception down to
11 at 22°N in northwest Africa (or even to O in the
Mediterranean Sea). The range of dissolved silicon
concentration maxima is even greater, from 70 ug-
at.17' in the Aleutian upwelling to 7 in northwest
Africa. The depth of upwelling source water varies
with wind stress and other factors such as the depth of
the pycnocline near the coast. The upper pycnocline is
deficient in dissolved silicon relative to nitrate as a
result of the slower regeneration of silicon (Dugdale
1972). During weak upwelling, when the source water
comes from the upper part of the pycnocline (Dugdale
1983), dissolved silicon tends to be low relative to
nitrate. Dissolved silicon is likely to play a major role
in species concentration and diatom production in up-
welling systems. However, the remainder of this pa-
per will deal with the effects of nitrate.

EQUIVALENCE OF NITRATE FLUX AND
NEW PRODUCTION

Although nitrogen may not always be the limiting
primary nutrient for productivity of marine phyto-
plankton, “N can be used as a tracer to follow the
partitioning of nitrogen during biological use and re-
generation, and to evaluate the components of the
phytoplankton production cycle.

Nitrate uptake is considered as a measure of ‘‘new
production’’ (Dugdale and Goering 1967) or potential
yield—the amount of production that can be removed
from the system without causing its collapse—where-
as uptake of ammonium and certain other organic-N
compounds such as urea represent the ‘‘regenerated’’
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or circulating nitrogen. Together these make up the
““‘total’’ or primary production. Carbon fixation, the
more common measure of primary production, is
therefore based upon both new and regenerated
nitrogen.

In an eastern boundary upwelling system, the ver-
tical motion of the water near the coast feeds nitrate
into the euphotic zone (Wooster and Reid 1963). The
resulting rate pf new production can be calculated with
suitable assumptions from estimates of the vertical
velocities and the nitrate concentration of the source
water, as Andrews and Hutchings (1980) have done
for the Cape Upwelling region of South Africa. In a
similar way, it can be predicted, for a given vertical
velocity during upwelling, that the new production at
15°S, Peru, would be about twice that of the upwelling
center at northwest Africa, as a consequence of the
low levels of nutrients of the North Atlantic (Table 1).

The resultant potential yield or new production en-
ters the ecosystem, and a portion is regenerated
through grazing and excretion of ammonium and orga-
nic nitrogen compounds (mainly urea; McCarthy
1972) by zooplankton and other heterotrophic mem-
bers of the food web. This serves to support a higher
rate of primary production than would nitrate alone.
The regenerated production that occurs when these
nitrogen compounds are taken up may constitute up to
50% of the total nitrogen production in upwelling
regions (Table 2). Under these conditions, for each
unit of nitrate upwelled, one unit of ammonium (plus
some organic nitrogen) is maintained in the regenera-
tion cycle between phytoplankton and grazers. This
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TABLE 2
Mean Values of Nitrate and Ammonium Uptake Parameters for a Series of Cruises to Upwelling Regions

Zn
mixed
Nitrate Ammonium Total N Nitrate layer
product. product. product. product. VinaxNO3 VimaxNH3 depth?
Region Cruise (mgat/m’/d)  (mgat/m?¥/d) (mgat/m?/d) (%) (/h) (/h) (m)
Peru Anton — — — — 0.0367 0.0167 12
Bruun-15
Pisco 30 10 40 75 0.0358 0.0172 13
Africa JOINT-1 15.2 6.6 21.8 70 0.0192 0.0139 38
CINECA- 10.6 9.7 20.3 52 0.0221 0.0139 —_
Charcot I1

*Examples of the mixed-layer depths encountrered when the nitrogen uptake data were taken. They may differ from the depths that would be obtained from

an examination of all the stations taken during each cruise.
Modified from Codispoti et al. (1982)

regenerated nitrogen thus amplifies the effect of nutri-
ent concentration and results in a twofold increase in
total nitrogen production and accompanying carbon
production, but not overall yield.

The effect of increasing nutrient concentration of
upwelled water on different components of the pro-
duction cycle can be evaluated and then used to com-
pare different areas. In northwest Africa, for each unit
of nitrate upwelled and entering the euphotic zone
there will be one unit supplying new production and
one unit entering regenerated production, resulting in
two units of total production. However, in Peru the
nitrate concentration is doubled, and hence four units
of total production result. Therefore, upwelling in the
Pacific eastern boundary regions should show a total
primary production two times greater than the same
upwelling rate would give in North Atlantic eastern
boundary situations, only because of the source wa-
ter’s larger nutrient concentrations. In the North
Atlantic, the effect of low source-water concentration
could be offset by a twofold relative increase in up-
welling velocity. However, high wind stress that cre-
ates high upwelling rates also results in strong mixing.
Consequently, the phytoplankton encounter decreased
mean irradiance (Huntsman and Barber 1977), and
productivity remains relatively low. Wind stress in
northwest Africa during the JOINT I study was about
three times higher than in Peru during JOINT II, 1977
(Smith 1981). The mean specific nitrate uptake rates
(uptake per unit phytoplankton biomass) were lower in
northwest Africa than in Peru (Table 2); a similar
effect was observed by Huntsman and Barber (1977).
Consequently, the integrated nitrate production for
northwest Africa was half that of Peru (Table 2),
despite the higher African upwelling rate, because of a
combination of mixing and nitrate concentration of the
source water.

EFFECT OF NITRATE CONCENTRATION ON
PHYTOPLANKTON PHYSIOLOGY

Nitrate input and concentrations in the euphotic
zone may also influence carbon processes more direct-
ly. When newly upwelled phytoplankton appear at the
surface in an upwelling center, nitrate uptake per cell
1s initially low, but increases over a period of several
days as adaptation to the high-irradiance, high-
nutrient conditions takes place (Maclsaac et al. 1985).
Carbon-related processes increase at a much slower
rate during this initial period. The maximum rate of
nitrate uptake achieved occurs just before nutrient
limitation sets in. High nutrient concentrations post-
pone the onset of nutrient limitation. So high concen-
trations of nitrate in source water tend to lead to high
maximal specific nitrate uptake rates. In Table 3, the
maximum specific nitrate uptake rates for Peru can be
seen to be about two times those for northwest Africa.
Nutrient concentration, perhaps dissolved silicon (as
in the 1977 JOINT II cruise), may affect the rate at
which nitrate uptake increases, as well as the final rate
achieved (Maclsaac et al. 1985). The effect of high
nitrate concentrations on the maximum rate of uptake
will certainly influence the length of the production
cycle and consequently the spatial distribution of the
phytoplankton produced from upwelled nitrate.

Nitrate concentration affects photosynthetic process-
es too, although the carbon-related changes from up-
welling tend to occur later than the nitrogen process-
es (Maclsaac et al. 1985). Assimilation number, i.e.,
carbon fixed per unit chlorophyll at optimum ir-
radiance, increases sharply when nitrate concentrations
rise to about 10 pg-at.1 ! in eastern boundary upwell-
ing (Minas et al. 1982); the data include measurements
in northwest Africa and show that high assimilation
numbers do not generally occur there, perhaps be-
cause of the generally low nutrient concentrations at
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TABLE 3
Maximum and Minimum Values of V,,,, for Nutrient-Saturated Uptake of Nitrate and Ammonium in the Upper
Euphotic Zone® from a Series of Cruises to Upwelling Regions

Vinax NO3 (/h) Vimax NHj (/h)

Region Cruise min max min max

Peru Anton-Bruun 0.0170 0.0547 0.0129 0.0222
Pisco 0.0089 0.0595 0.0268 0.0358

Northwest Africa JOINT-1 0.0028 0.0329 0.0046 0.0261

“Defined here as the 100% to 30% light-penetration zone. Most values are from the 50% light depth.

Modified from Codispoti et al. (1982)

the surface during upwelling. Yet in South African
coastal upwelling with higher nutrient concentrations
characteristic of the south Atlantic subsurface waters,
high assimilation numbers also occur (Andrews and
Hutchings 1980). Results from the OPUS 1983 studies
at Point Conception (unpublished) show a similar
trend.

SUMMARY

A series of nonlinear positive relationships between
nutrient (and especially nitrate) concentration and input
and processes leading to phytoplankton production
occur in upwelling regions. These relationships will
lead to a more or less exponential rise in productivity as
nitrate input and concentration rise. Eppley et al.
(1979) found such a relationship between primary
production and the proportion of nitrate uptake in
southern California waters, and constructed a curve
connecting Peru upwelling and the North Pacific Gyre
that successfully spanned their data. Presumably, the
factors discussed here are at least partially responsible
for the nature of this relationship. Additional analysis
of existing and future data sets from eastern boundary
upwelling regions should help to refine these patterns
and explain the key role of nutrients in limiting produc-
tion processes in upwelling regions.
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ANCHOVY EGG DISPERSAL AND MORTALITY
AS INFERRED FROM CLOSE-INTERVAL OBSERVATIONS
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P.O. Box 271
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Kiil. Millions of tons of water come down that river.
How do you know the day you made your tests there
wasn’t something unusual about the water?

Stockman. No, I took too many samples.

Kiil. How do you know? Why couldn’t those little
animals have clotted up only in the patch of water
you souped out of the river? How do you know the
rest of it wasn’t pure?

Stockman. 1t’s not probable . . . .
An Enemy of the People'

ABSTRACT

The oceanic boundary currents and continental
borderlands that anchovy inhabit comprise diverse
spatial and temporal scales of motion. Repetitive sam-
pling at close intervals has been conducted to explore
the sources and intensity of variance of observations
and maximize the effectiveness of a management-
oriented sampling program. The critical scale of re-
petitive sampling occurs when adjacent observations
are so interdependent that they do not improve the
precision of the abundance estimates. Sampling stud-
ies indicate that the scale of anchovy egg interde-
pendence is on the order of several hundred meters for
some days and somewhat less than this in the first few
hours after spawning. Spatial correlation appears to
diminish rapidly at scales larger than 2,000 m. The
minimum distance between stations in the California
egg production cruises is 7,500 m; in the Peru egg
production survey it was 5,500 m.

In general, large structures in the ocean persist
longer than small ones. One simple parameterization
of this phenomenon is that a 600-m structure persists
for 6 hours in the ocean and that structures of 2,800,
27,000, 147,000 m persist for a day, a week, and a
month, respectively. From simple considerations, if
the average value of food abundance is too low for
larval fish to survive, the useful scale of oceanic
feature that contains sufficient food is about 27 km if
the food is required for a week, or 147 km if the food
is required for a month. The critical scale of these
features becomes smaller if production within the

'Henrik Ibsen. An Enemy of the People. An adaptation for the American stage by
Arthur Miller. Dramatists Play Service, Inc., New York, 1951.

structure exceeds consumption and washout. The in-
fluence of persistence on survival may diminish as
juveniles gain the ability to graze in schools and swim
through larger intervening distances between favor-
able patches. We believe that experimental repetitive
sampling supports the general scale for the passive
dispersion of eggs: no obvious interrelations between
interannual changes in these features and egg and
larval survival were noted for the first 20 days of life.
The consequences of a laterally incoherent and dissi-
pated habitat may be delayed to the late larval and
juvenile stages.

Will we be able to observe the later life stages with
the same intensity and accuracy that we have observed
the embryonic stages?

RESUMEN

Las corrientes oceanicas de margen y los aledafios
continentales que habita la anchoveta sufren movi-
mientos de diferentes escalas temporales y espaciales.
Se condujeron muestreos replicados a intervalos re-
ducidos con el fin de explorar las fuentes e intensidad
de la varianza de las observaciones y maximizar la
eficacia de un programa de muestreo orientado hacia
el manejo del recurso. La escala critica del muestreo
repetitivo ocurre cuando las observaciones adyacentes
son tan interdependientes que no aumentan la preci-
sién de las estimaciones de abundancia. Muestreos
experimentales indican que la escala de inter-
dependencia para los huevos de la anchoveta es del
orden de varios centenares de metros durante algunos
dias, y algo menor en las primeras horas después del
desove. La correlacién espacial parece disminuir rapi-
damente a escalas mayores de 2000 m. La distancia
minima entre estaciones en las campafias californianas
de produccion de huevos es de 7500 m; en los estudios
peruanos de produccién de huevos era de 5500 m. En
general, las estructuras ocednicas mayores son mads
persistentes que las pequefias. Una expresién cuantita-
tiva sencilla de este fendmeno consiste en que estruc-
turas de 600 m persisten en el océano durante 6 horas,
mientras que aquéllas de 2,800, 27,000 y 147,000 m
persisten durante un dia, una semana, y un mes, re-
spectivamente. Partiendo de consideraciones simples
se deduce que si la abundancia promedio de alimento
es demasiado baja para la supervivencia de las larvas
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de peces, la escala util de la estructura ocednica que
contiene alimento suficiente es de, aproximadamente,
27 km, si el alimento es requerido para una semana, o
147 km si lo es para un mes. La escala critica de estas
caracteristicas disminuye si la produccion dentro de la
estructura excede al consumo y la exportacién. La
influencia de esta persistencia en la supervivencia
puede disminuir a medida que los juveniles van ad-
quiriendo la capacidad de alimentarse en cardiimenes
y de nadar distancias mayores entre lugares favo-
rables. Creemos que el muestreo repetitivo experimen-
tal concuerda con la escala general de dispersion pasi-
va de los huevos: no se observaron interrelaciones
obvias entre cambios interanuales en estas caracteristi-
cas y la supervivencia de huevos y larvas durante los
primeros 20 dias de vida. Las consecuencias de un
hébitat lateralmente incoherente y disipado pueden ser
pospuestas hasta los estados larvales avanzados y los
juveniles.

¢Podremos observar los estados de desarrollo tar-
dios con al misma intensidad y precisién con que
observamos los estados embrionarios?

INTRODUCTION

Demands on oceanic sampling have rapidly in-
creased from the simple detection and description of
resources (Ahlstrom 1968; Hempel 1973; Smith and
Richardson 1977) to the testing of hypotheses on the
causes of recruitment failure in dynamic coastal areas
like the California Current (Lasker 1975; Vlymen
1977; Parrish and MacCall 1978; Lasker and Zweifel
1978; Parrish et al. 1981; Smith 1981; Hewitt 1981;
Bakun and Parrish 1982). Smith (1981) described sam-
pling strategies for testing several hypothesized
sources of year-class failure; the sources include larval
transport, critical period, predation including canni-
balism, starvation, unfavorable distribution pattern,
and parental deficiencies at the time of spawning.
Success in the studies underway have encouraged in-
ternational organizations (Bakun et al. 1982) to com-
pare dynamic areas like the eastern boundaries of the
oceans off South America and Africa with respect to
the causes of massive fluctuations in fish reproductive
success. These studies require additional work on effi-
cient delineation of distribution and biomass estima-
tion. Because of the nature of the survival mechanisms
postulated, directed work on spatial pattern, turbulent
diffusion, transport, and survival is also needed.

The spatial pattern of plankton may be considered
from the aspects of interpreting existing samples and
the strategy of future sampling (Silliman 1946; Sette
and Ahlstrom 1948; Taft 1960; Zweifel and Smith
1981). Another aspect of spatial pattern of plankton is
the interaction between predator and prey, in particu-
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lar where food aggregations are necessary for suffi-
cient feeding rates (Lasker 1975; Vlymen 1977; Lasker
and Zweifel 1978; Hewitt 1981). Lastly, schooling
coastal pelagic fishes proceed through a planktonic
phase of weeks to months, and the eventual retention
of viable concentrations of juveniles near the coast
may be controlled by rates of turbulent diffusion and
cross-shelf transport during the spawning season
(Smith 1973; Smith and Lasker 1978; Parrish and
MacCall 1978; Hewitt 1982; Bakun and Parrish 1982;
Smith 1985).

The scale of spatial pattern contains additional in-
formation about the recent history and near future of
the pelagic aggregation. For example, if individual
(0.3 m) spawning pelagic fish like sardines are found
in populations (1,000 km), school groups (10 km),
schools (100 m), and spawning ‘‘cliques’” (30 m),
one can infer from the rate of dispersal by turbulent
diffusion that the major sources of variance in samples
are from individuals, cliques, and schools rather than
from school groups and populations based on the
length-scale assumptions (Smith 1973). Since this pat-
tern of eggs imposed by the spawning and fertilization
behavior of the adults persists several days into the
larval stage, one may postulate that similar features
like diatom patches or grazed gaps in diatom layers
would persist equally long in the pelagic environment
(Okubo 1971).

It is the purpose of this symposium to explore simi-
larities among the eastern boundary areas of the world
oceans, because these contain the potential of tens of
millions of tons annual catch of schooling coastal
pelagic engraulids, clupeids, scombrids, and caran-
gids. These fisheries are generally not managed and
are subject to large natural fluctuations, which seem to
be augmented by present fishing practices (Murphy
1977; Smith 1981; Bakun and Parrish 1982; Lasker
1985; Smith 1985). Our objective in this paper is to
present a small-scale empirical study of anchovy egg
dispersal in a coastal site. The study may then be
considered in the context of large-scale environmental
features and biological surveys. We believe that ex-
isting techniques can be modified to measure offshore
drift and dispersal within the coastal habitat and thus
describe the habitat of schooling coastal pelagic fish in
eastern boundary habitats.

METHODS

The methods used for close-interval sampling of the
anchovy population off California are described in
detail in Lasker (1984), Smith and Hewitt (1984),
Smith, Flerx, and Hewitt (1984) and Moser and Ahl-
strom (1984). We will only briefly describe the plan-
ning and conduct of the cruise, station activity, the
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Figure 1. The survey area off southern California. Ordinate values are
degrees north latitude, and the abscissa values are degrees west longi-
tude. The lengths of the bars are proportional to the log of the number
of anchovy eggs per 0.05 square meters as an average of eight repli-
cates at each station. (See Table 5 for data.)

net, the procedures for sorting, staging and aging the
eggs, and the data analysis.

Cruise

The cruise was planned to encompass the spawning
habitat of the central population of the northern
anchovy (Engraulis mordax) with groups of eight
samples at stations 20 miles apart in the cross-shelf
direction and 40 miles apart parallel to the general run
of the coast. Unfortunately, the 25-m motor vessel
(Scorpius) chartered for this cruise was not competent
to occupy the preplanned stations in the weather of
January 1979; therefore, stations in the general area of
the spawning were occupied at haphazard positions
that could be approached from safe harbors among the
islands of the Southern California Bight. The stations
that had at least one egg in eight tows are plotted in
Figure 1 as ‘‘sticks’’ with height proportional to the
log of the mean number of total anchovy eggs per
observation.

On station we recorded position, cast a 10-m Nan-
sen bottle with reversing thermometer to estimate the
temperature, and made eight vertical plankton tows to
a wire length of 70 m and back. The positions, date,
and time of arrival at the station and the 10-m temper-
ature are listed in Appendix Table 1. To maintain
position on the station (relative to the water) as closely
as possible, the officers of the vessel were instructed

to keep the 45-kg weight on 10-m, 3/16” cable vertical
between casts and tows for the entire duration of the
station. The usual interval between vertical tows was
12 minutes, but occasionally repeat tows and delays
between tows lengthened that period. The distribution
of intervals between adjacent tows is depicted in a
histogram in Appendix Table 2; this average interval
will be used to interpret all tows.

The Tow

Of the 12 minutes between the initiation of tows,
3-5 minutes were involved with lowering and raising
the net, another 5 minutes was required to wash the
net and concentrate the sample in the cod end, and 4-5
minutes was needed to preserve the sample in Forma-
lin and label the sample bottle. The winch on the
charter vessel was incapable of obtaining the 70-m-
per-minute towing rate specified for the project, and
rates were commonly in the range of 25 to 40 m per
minute.

The plankton net was based on the original design
of anchovy egg net (Smith et al. 1968) and modified
for vertical towing (Hewitt 1983; Smith et al. 1984).
As the original net in the vertical tow series, it differed
from the present design by being a single net, with
mesh aperture area of 0.333-mm nylon mesh. The
mesh-aperture-to-mouth-aperture ratio was 8.7:1, of
which 35% was in the terminal conical portion of the
net and 65% was in the cylindrical portion to reduce
length and facilitate self-cleaning under tow. Nets
were washed from the outside by a moderate rate of
flow.

Laboratory Work

Anchovy eggs were sorted from samples with a
dissecting microscope at a magnification of about
10 X (Kramer et al 1972; Smith and Richardson
1977). The sorted eggs were subsequently staged us-
ing criteria of Moser and Ahlstrom (1984). Ages were
estimated from the temperature-specific stage de-
velopment rate (Ahlstrom 1943; Zweifel and Lasker
1976; Lo 1984), the actual time of tow; and the 10-m
temperature on the station.

Data Analysis

Descriptive statistics were performed on the UCSD-
VAX using Minitab. A correlation matrix on all ages
of egg for all 60 tows was performed, yielding 7
correlation coefficients for adjacent columns, 6 for
tows 24 minutes apart, 5 for tows 36 minutes apart,
etc. Negative binomial parameter estimates were
accomplished using the iterative techniques described
in Southwood (1978). The BASIC program im-
plemented on the UCSD-VAX to estimate the negative
binomial parameters is listed in the Appendix.
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TABLE 1
Replicate Observations of Anchovy Eggs
< One Day OId

Replicate Number

Row 1 2 3 4 5 6 7 8 Average
1 1 2 4 9 23 3 15 64 15.125
2 0 O 1 0 0 O 1 0 0.250
3 0 0 0 o0 0 2 3 17 2.750
4 4 5 0 8 7 8 10 12 6.750
5 0 o0 0 0 0 0 0 0 0.000
6 4 2 7 O 0 0 0 0 1.625
7 0 o0 0 o0 0 o 0 0 0.000
8 1 0 0 o 0 0 0 0 0.125
9 0 0 0 o 0 o 0 0 0.000

10 ¢ o 0 0 0 o 0 0 0.000
11 1 0o 0 o0 1 0 1 0 0375
12 0O 0 0 o0 1 3 0 5 1.125
13 0 o0 0 o 0 0 0 0 0.000
14 0 0 0 0 0 0 0 0 0.000
15 30 39 51 O 0 0 0 0 15.000
16 0 0 0 O 0 0 0 0 0.000
17 0o 0 0 0 0 o 0 1 0.125
18 0 0 0 o0 6 o0 0 0 0.000
19 13 6 20 6 4 6 0 0 6.875
20 0 6 0 0 0 o 0 0 0.000
21 0 0 0 0 0 o0 0 0 0.000
22 0 0 0 0 0 o0 6 0 0.000

RESULTS

We will consider three aspects of the data. The first
will be the data set itself. Secondly, we will describe
the data and a possible probability-generating distribu-
tion from which it may have been drawn. Thirdly, we
will consider one interpretation of the change of the
data with time.

The Data Set

The data set consists of four ages of egg, and the
distribution of total eggs. The four ages of egg are
those eggs less than 8 hours old, 1 day old, 2 days old,
and 3 days old. These sets are from the same 8 repli-
cates of 60 observations containing at least one
anchovy egg per station.

Eggs produced in the first 8 hours after the onset of
spawning are considered separately in the analysis of
egg production because incidence and abundance are
underestimated. (Smith and Hewitt 1984) In Table 1, it
may be seen that of the 60 samples considered, only
22 were in the initial 8-hour period. In no case does a
large sample observation continue across the entire set
of eight observations on the station. For example, in
row 1, replicates 5, 7, and 8 indicate that the ship
drifted into a patch, whereas rows 15 and 19 indicate
that the ship drifted out of a patch.
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The chief difference for one-day-old eggs (Table 2)
is that in most observations, the set of replicates is
usually taken entirely within or outside of a patch.
There are still instances, such as row 49, that indicate
drifting out, but most show moderate changes within
replicates on station. There are no visible differences
in Tables 3 or 4 from Table 2 in terms of continuity of
observations on station.

TABLE 2
Replicate Observations of Anchovy Eggs
One Day Oid

Replicate Number

Row 1 2 3 4 5 6 7 8 Average
1 3 3 3 6 2 2 1 3 2.875
2 2 1 3 4 3 3 0 5 2.625
3 8 5 7 7 6 10 5 13 7.625
4 0 0 0 0 0 0 0 0 0.000
5 0 0 0 0 0 0 0 0 0.000
6 0 1 2 0 4 2 1 2 1.500
7 12 10 10 6 5 3 4 6 7.000
8 5 1 6 6 4 2 10 5 4.875
9 0 0 0 2 0 0 0 1 0.375

10 0 0 0 0 0 0 0 0 0.000
11 9 3 2 2 0 0 3 0 2.375
12 12 23 12 4 7 5 7 5 9.375
13 0 1 0 2 3 3 1 1 1.375
14 0 1 0 0 1 2 0 0 0.500
15 2 5 2 3 0 1 2 0 1.875
16 6 8 3 6 2 6 4 5 5.000
17 3 3 1 2 3 2 0 4 2.250
18 2 0 1 0 1 2 2 2 1.250
19 18 26 21 33 21 32 22 23 24500
20 0 0 0 0 0 0 0 0 0.000
21 1 3 3 3 2 0 1 0 1.625
22 2 2 9 5 4 4 9 8 5.375
23 0 1 1 1 0 1 3 1 1.000
24 0 0 0 0 0 0 0 0 0.000
25 0 0 0 0 0 0 0 0 0.000
26 0 0 0 0 0 0 0 0 0.000
27 1 0 0 1 0 4 5 1 1.500
28 2 1 0 0 0 0 1 1 0.625
29 4 2 5 0 3 3 0 4 2.625
30 15 5 13 16 10 13 12 6 11.250
31 14 12 11 11 9 7 8 5 9.625
32 0 0 2 1 0 0 0 0 0.375
33 0 0 0 0 0 0 0 0 0.000
34 0 0 0 1 0 0 1 0 0.250
35 2 0 0 1 0 1 0 0 0.500
36 1 2 0 3 0 0 0 0 0.750
37 0 0 0 0 0 0 1 0 0.125
33 17 11 22 26 37 27 20 30 23.750
39 5 8 12 4 6 4 3 3 5.625
40 3 2 3 2 0 3 3 1 2.125
41 0 1 0 2 2 0 0 | 0.750
(continued)
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TABLE 2 (continued) TABLE 3 (continued)
Replicate Number Replicate Number
Row 1 2 3 4 5 6 7 8 Average Row 1 2 3 4 5 6 7 8 Average
42 0 0 0 0 0 0 0 0 0.000 24 0 0 0 0 0 0 0 1 0.125
43 0 1 0 0 0 0 0 1 0.250 25 0 0 0 1 0 0 0 o0 0.125
44 1 4 0 3 5 3 4 3 2.875 26 0 0 o0 0 1 0 0 o0 0.125
45 7 4 4 1 3 2 2 3 3.250 27 1 0 6 4 2 2 10 3 3.500
46 0 0 0 0 0 0 0 1 0.125 28 3 2 6 4 1 0 3 6 3.125
47 1 1 2 1 1 3 1 5 1.875 29 34 35 40 30 36 39 35 35 35500
48 0 0 0 0 0 0 0 0 0.000 30 7 3 1 2 3 4 i 7 3.500
49 3 22 3 0 0 0 0 0 3.500 31 22 10 13 11 15 21 9 12 14.125
50 0 0 0 0 0 0 0 0 0.000 32 3 3 2 3 3 3 3 0 2.500
51 0 0 1 0 0 0 0 0 0.125 33 0 0 0 0 0 0 0 o0 0.000
52 0 0 0 0 0 0 0 0 0.000 34 4 1 1 3 1 0 0 O 1.250
53 0 0 0 0 0 0 0 0 0.000 35 0 0 o 0 0 0 0 o 0.000
54 5 4 3 0 3 2 2 3 2.750 36 0 1 0 0 0 0 0 O 0.125
55 0 0 1 0 2 0 0 0 0.375 37 2 0 1 0 0 0 0 0 0.375
56 1 2 3 2 4 3 3 4 2.750 38 5 4 3 15 21 15 9 13 10.625
57 64 65 64 63 48 B2 54 48 61.000 39 0 0 O 0 0 0 0o o0 0.000
58 1 0 0 2 1 1 5 3 1.625 40 3 3 1 0 2 0 2 3 1.750
59 11 20 5 20 20 12 22 18 16.000 41 0 0 o 0 0 0 0o o 0.000
60 5 10 8 5 5 7 4 7 6.375 42 1 0 0 0 0 0 0 0 0.125
43 1 1 0 1 0 0 1 2 0.750
44 4 4 9 5 2 8 2 11 5.625
45 0 0 O 0 0 3 2 2 0.875
TABLE 3 46 0 0 0 0 0 0 1 1 0.250
Replicate Observations of Anchovy Eggs 47 39 21 39 21 18 48 16 22 28.000
Two Days Old 48 0 0 o0 0 0 i 0 o 0.125
49 0 2 1 0 2 0 2 0 0.875
Replicate Number 50 6 4 4 10 7 4 8 5 6.000
51 2 4 6 4 1 2 4 2 3.125
Row 1 2 3 4 6 7 8 Average 5 0 0 0 0 0 0 0 0 0.000
1 0 1 0 1 0 2 1 1 0.750 53 0 0 0 0 0 0 0 o 0.000
2 0 2 0 1 1 1 1 1 0.875 54 27 22 2 0 8 11 4 4 12.125
3 0 1 2 0 1 1 0 1 0.750 55 0 0 o 0 0 0 0 O 0.000
4 2 0 2 1 1 0 2 1 1.125 56 22 14 6 9 6 4 6 1 8.500
5 0 2 1 1 3 0 1 3 1.375 57 9 117 94 89 84 119 111 91 100.125
6 3 5 5 6 8 15 14 12 8.500 58 12 3 9 6 3 4 5 9 6.375
7 2 2 0 4 2 2 1 0 1.625 59 8 6 2 4 4 2 9 S5 5.000
8 6 12 11 8 12 9 10 9 9.625 60 1 5 6 4 4 5 12 10 5.875
9 0 0 0 0 0 0 0 O 0.000
10 0 0 o0 0 0 0 0 o0 0.000
0 0 0 o0 0 1 0 0 0I5 Table 5 contains the values for all ages of anchovy
12 0 o 0o 0 0 0 0 0 0.000 egg within each station set. At these temperatures, one
13 ! 13 0 0 0 3 2 1.250 may expect three ages of egg within close proximity.
14 2 3 5 0 6 7 4 10 4.625 .
15 I > 2 o0 4 2 1 2 1.750 In this set, qnly Tows 33, 52, and 53 h?d none of the
6 5 s 6 2 2 1 3 2 285 three ages identified: row 10 had neither one- nor
7 0 0 0 2 4 4 4 4 225 two-day-old eggs, row 35 had neither two- nor three-
18 1 1 2 o 1 1 1 2 1.125 day-old eggs, and rows 24, 26, 42, and 50 had neither
9 6 14 11 12 12 9 5 9 975 one- nor three-day-old eggs.
20 t 2 2 1 0 3 1 1 1.375 In summary, there is coherence among the replicate
21 7 5 7 2 2 5 1 5 425 stations of anchovy eggs older than eight hours. This
22 26 32 4 30 17 9 14 13 23375 indicates that the scale of the pattern is large relative to
23 1 2 2 2 0 0 2 0

L1125 the drift of the research vessel and the layers of water
(continued) below over periods of one to two hours.
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TABLE 4 TABLE 4 (continued)
Replicate Observations of Anchovy Eggs
Three Days Old

Replicate Number
Row 1 2 3 4 5 6 7 8 Average
51 61 69 75 84 76 62 61 68 69.500

Replicate Number

Row 1 2 3 4 5 6 7 8 Average
52 0 0 0 0 0 0 0 0 0000
tL0 0 o0 0 0 0 0 0 0000 530 0 0 0 0 0 0 0 0000
2 0 0 o o0 0 0 0 0 0000 54 10 10 12 0 5 8 2 5 650
3 3 4 4 2 1 3 0 2 2375 55 120 86 119 107 136 114 104 102 111.000
4 1 0 4 3 3 1 0 2 175 %6 0 0 0 0 0 0 0 0 0000
503 4 5 4 4 4 1 11 4500 57 22 26 16 34 16 28 42 26 26.250
6 3 0 2 1 2 2 2 2 1750 58 1 2 2 6 1 5 3 3 285
7 2 6 9 4 3 3 3 2 4000 59 3 8§ 5 2 6 3 3 3 4125
& 11 5 2 3 5 5 5 335 60 7 12 12 14 9 12 15 17 12250
9 0 0 0 0 0O 0 0 0 0.000
o o0 0 0o 0 0 0 0 1 0125
M 5 4 0 3 1 1 4 9 3375 TABLE 5
12 9 11 8 5 8 1 5 5 6.500 Replicate Observations of Anchovy Eggs
13 1 2 2 1 13 3 2 1.875 All Ages Plus Disintegrated
4 2 4 5 3 2 7 2 4 3625
5 1 0 1 0 0 0 0 1 03755 Replicate Number
6. 8 5 3 5 10 6 8 3 6000
17 9 3 3 0 1 0 1 1 2.250 Row 1 2 3 4 5 6 7 8 Average
8 1 0 3 0o 1 0 3 0 1000 1 4 6 7 16 25 7 17 68 18.750
19 17 16 15 20 10 10 11 5 13.000 2 2 3 3 5 4 4 1 6 350
20 4 5 8 4 3 7 5 2 475 3 014 11 13 10 8 14 5 16 11.375
20 13 7 6 4 9 7 7 3 700 4 4 0 8 5 4 1 4 3 3625
2 24 16 16 10 8 9 4 6 11625 5 3 6 6 6 7 4 2 14 6.000
22 1 3 1 2 0 4 1 2 L750 6 6 6 9 7 14 19 17 16 11.750
24 0 0 0 0 0 0 0 0 0000 7 16 18 19 14 10 10 11 25 15375
2 0 3 0 0 0 0 0 0 0375 8 17 19 22 24 26 24 35 31 24750
% 0 0 0 0 0 0 0 0 0000 9 0 0 0 2 0 0 0 1 0375
27 5 0 9 6 6 5 11 10 6500 o 0 0 0 0 0 1 0 2 0375
2 1 1 0 1 1 0 1 0 0625 m 15 7 2 5 1 2 71 10 6125
29 21 17 15 23 14 11 14 17 16.500 12 21 3¢ 21 9 16 5 12 10 16.000
30 20 6 18 22 9 11 3 9 12250 3 2 4 7 4 4 11 8 8 6.000
316 4 5 4 5 2 1 1 4250 14 4 8 10 3 9 16 6 14 8750
2 1 0 0.1 0 1 1 0 0500 15 4 7 5 4 4 3 3 3 4125
33 0 0 0 0 0 0 0 0 0000 16 19 15 12 13 14 13 15 10 13.875
3 0 0 1 0 0 1 0 0 0250 17 19 9 13 7 15 7 5 11 10750
3.0 0 0 0 0 0 0 0 0000 18 9 9 18 12 8 13 10 7 10750
3 0 0 0 0 0 0 0 0 0000 19 56 74 63 74 53 64 48 44 59.500
3 0 1 1 1 L 0 0 0 0500 20 6 7 12 6 3 11 7 3 6875
33 3 4 5 4 3 2 4 5 375 20 22 15 16 9 13 12 9 8 13.000
3% 0 0 0 0 0 0 0 0 0000 2 57T 58 76 S0 32 27 30 30 45.000
40 0 0 0 1 0 0 1 1 0375 22 2 6 7 5 0 10 7 4 5125
49 0 0 0 0 0O O O 0 0000 24 0 0 0 0 0 0 0 1 0.125
2 0 0 0 0 0 0 0 0 0.000 25 1L 3 0 2 0 0 0 0 0750
43 4 8 4 7 8 5 3 11 625 %6 0 0 0 0 1 0 0 0 0125
4 2 5 5 2 5 5 6 12 525 27 8 14 15 11 9 11 27 14 13.625
4 0 1 0 0 1 0 2 2 075 22 9 6 6 5 3 0 6 7 525
4 0 0 0 0 2 1 2 0 0625 29 59 54 60 54 53 54 S0 58 55.250
47 25 29 32 43 41 53 52 45 40.000 30 42 1S 32 37 22 28 20 22 27.250
484 1 2 4 1 0 1 1 0 1250 31 42 26 29 26 30 33 24 23 29.125
49 1 1 0 0 0 0 0 0 025 32 4 3 5 6 4 4 4 5 4375
50 0 0 0 0 0 0 0 0 0000 33 3 0 0 2 1 0 1 0 085
(continued) (continued)
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TABLE 5 (continued)

Replicate Number

Data Summary

Owing to the wide range of numbers of eggs per
sample, Tables 6, 7, and 8 are divided into classes
whose boundaries encompass factors of four rather

Rw 1 2 3 4 5 6 7 8 Average than unit frequencies. The general appearance of simi-
4 4 12 4 1 1 1 0 175 larity among the replicate sets above is confirmed in
3% 2 0 0 1 0 1 0 0 0500 the data summary table and the parameters calculated
36 13 0 3 1 4 3 2 2125 from them. The primary difference among the dis-
37 : 2 10 1 0 1.000 tributions of the eight replicates and the distribution of
38 56 58 81 48 64 49 34 S50 55.000 . :

39 s 8 12 4 6 4 3 3 565 the mean of eight is the lower threshold (0.125 rather
N .

40 6 S 4 3 2 3 6 6 4375 than 1 per .05 m’) for the mean of eight samples on a
41 0 1 0 2 2 0 0 1 075 station. Whereas one would expect the mean of the
4 1 0 0 0 o0 0 0 0 0125 means to be the same as the mean of the replicates,
43 S 10 4 8 8 5 4 14 1725 one would expect the variance of the observations to
44 7 13 14 10 12 16 12 26 13.750 be eight times the variance of the means of eight;
45 20 11 24 7 8 11 6 7 11750 instead, the variance of the means of eight is indistin-
4 0 1 2 1 2 3 4 2 1875 guishable from the variances of the individual sets for
47 66 52 73 65 60 104 72 73 70.625 one-, two- and three-day-old eggs.

48 b2 4 1.0 2 2 0 150 The estimates of the negative binomial factor k are
49 4 25 4 4 8 4 4 16750 the same from replicate to replicate and between the
S0 6 4 4 10 7 4 8 5 6000 om 1ep 0 repiica
51 63 73 8 88 77 64 65 70 72750 means of eight and .the glght replicates (Tablqs 6, '7,
5 1 0 0 0 0 0 0 0 0125 and 8).Thus the estimation of the negative binomial
53 0 0 1 0 0 0 0 1 025 parameters, mean, and k from small sets of observa-
54 47 39 43 1 18 23 9 13 24.125 tions with high variance is relatively robust when
55 120 87 122 109 138 116 104 102 112.250 small sample sizes are used. Furthermore, the nega-
56 23 16 9 11 10 8 10 6 11.625 tive binomial k is well estimated from the fraction of
57 182 208 174 187 148 229 208 165 187.625 zero observations, and even the ‘‘moments’’ estimate
58 15 6 11 16 8 10 13 16 11.875 (from the mean and variance) is reasonably close to
9 29 39 13 27 31 20 37 29 28.125 the others and relatively stable under these conditions.
60 13 27 27 23 19 24 37 34 24875 The distribution of the total eggs (Table 9) differs

TABLE 6
Anchovy Egg Sample Frequency Distribution
One-Day-Old Eggs
Replicate Number
Eggs/0.05 m2 1 2 3 4 5 6 7 8 Mean
0 26 24 27 25 29 27 27 25 13
0.0625 — 0.25 — — — — — — — — 3
0.25 -1 — — — — — — — 10
1-4 17 19 15 20 17 17 20
4-16 14 11 12 10 12 14 10
16 — 64 2 5 4 2 4 4 4
64 — 256 1 1 1 — — 1 — — —
Mean 4.1 4.6 4.1 43 39 43 3.8 3.9 4.1
Variance 83.5 99.0 85.9 97.8 70.7 136.9 69.1 64.2 81.4
Neg. binomial
k(0) 321 274 277 .260 .283 .269 327 .285 312
k(1) 158 195 .163 157 118 .145 .155 .170 .202
k(2) .264 .256 254 217 234 237 252 244 .296

k(0) is the parameter of the negative binomial distribution as estimated from the proportion of ‘0’ values.
k(1) is the parameter of the negative binomial distribution as estimated from the sample mean and variance (‘moments’ estimate).
k(2) is the maximum likelihood estimator (Southwood 1966). )
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TABLE 7
Anchovy Egg Sample Frequency Distribution
Two-Day-Old Eggs

Replicate Number
Eggs/0.05 m2 1 2 3 4 5 6 7 8 Mean
0 24 22 24 27 24 26 20 22 10
0.0625 — 0.25 — — — — — — — — 7
025 -1 — — — — — — — — 8
1-4 18 21 16 14 19 15 21 18 17
4-16 11 12 15 15 12 15 16 17 14
16 — 64 6 4 4 3 4 3 2 2 3
64 — 256 1 1 1 1 1 1 1 1 1
Mean 6.1 59 6.3 5.0 5.0 6.1 5.4 54 5.7
Variance 213.2 265.7 222.0 163.8 148.8 292.4 225.0 163.8 198.8
Neg. binomial
k(0) .299 .347 .295 .268 329 262 417 .363 318
k(1) .180 134 .184 157 .174 130 133 .184 157
k(2) .248 276 .255 241 .301 227 327 316 .280

k(0) is the parameter of the negative binomial distribution as estimated from the proportion of ‘0’ values.
k(1) is the parameter of the negative binomial distribution as estimated from the sample mean and variance (‘moments’ estimate).

k(2) is the maximum likelihood estimator (Southwood 1966).

from that of any of the individual nights’ spawning. In

the individual age groups the frequency of observa- |

tions decreases from the ‘0’ class to the ‘°64-256"’
eggs per observation class. In the total eggs observa-
tions, the frequency increases from the ‘0’ class to
the ‘‘4-16”’ class and then descends. Even when each
station has at least one egg in eight samples, the

number of observations with *‘0’’ eggs in each of the
replicates varied from 10% to 18%.

We concluded that nearly uniform results would
have been obtained from any set of replicates. Also,
the frequency distribution of the total is a composite of
the day-class observations and may in fact exhibit a
different type of distribution when three days’ egg

TABLE 8
Anchovy Egg Sample Frequency Distribution
Three-Day-Old Eggs

Replicate Number

Eggs/0.05 m2 1 2 3 4 5 6 7 8 Mean
0 22 25 24 25 24 25 23 24 15
0.0625 — 0.25 — — — — — — — — 1
025 -1 — — —_ — — —_ — — 10
1-4 19 11 10 15 17 14 19 17 13
4-16 11 17 20 13 15 17 14 13 16
16 — 64 7 5 4 5 2 3 3 4 3
64 — 256 1 2 2 2 2 1 1 2 2
Mean 7.0 6.4 7.3 7.3 6.9 6.7 6.7 6.8 6.9
Variance 316.8 216.1 334.9 346.0 412.1 316.8 295.8 278.9 302.8
Neg. binomial
k(0) 321 274 277 .260 .283 .269 327 .285 .283
k(1) 158 195 .163 157 118 .145 .155 .170 157
k(2) .264 .256 254 217 234 237 252 244 257

k(0) is the parameter of the negative binomial distribution as estimated from the proportion of ‘0 values.
k(1) 1is the parameter of the negative binomial distribution as estimated from the sample mean and variance (‘moments’ estimate).

k(2) is the maximum likelihood estimator (Southwood 1966).
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TABLE 9
Anchovy Egg Sample Frequency Distribution
All Ages Pius Disintegrated

Replicate Number
Eggs/0.05 m2 1 2 3 4 5 6 7 Mean
0 7 10 11 6 10 11 10 9 —
0.0625 — 0.25 — — — — — — — — 4
025 -1 — — —_ — — — — — 7
1-4 12 9 6 12 11 9 9 12 7
4 - 16 21 24 25 27 23 23 25 20 26
16 — 64 17 13 12 10 12 12 12 14 12
64 — 256 3 4 6 5 4 5 4 5 4
Mean 19.1 18.9 20.1 17.8 17.1 18.5 17.1 18.3 18.4
Variance 979.7 1049.8 1049.8 1004.9 852.6 1303.2 1024.0 829.4 961.0

production is present. This may be expected to differ
for eggs that hatch in a day or persist for weeks.

Interpretation of Time Series

The correlation between recent observations of
newly spawned eggs ends at intervals greater than 24
minutes, whereas one-day-old eggs have a persistent
correlation over the entire 84-minute interval between
the first and eighth tows (Figure 2). The coherence
among tows increases gradually with the age of eggs.
Coefficients of correlation over .24, or coefficients of
determination over .06 are significant with 60 obser-
vations.

The time and space scales of controlled ship’s drift
in 1-2 hours are small in comparison with the change
of distribution of a patch of eggs more than one day
old. The scale of deposition of the eggs and their
subsequent dispersal for a few hours is of significantly
smaller scale. Lastly, since eggs are part of the totally
passive plankton, these results suggest that other pas-
sive plankton patches, or gaps, would have been
equally coherent and slowly changing with time, and
that aggregating organisms would have had to expend
relatively little energy in maintaining a patch under
these conditions.

DISCUSSION

The unusual circumstances of this set of observa-
tions have led to a new appreciation for the origin of
small-scale distribution of anchovy eggs and the three-
day persistence of this distribution. The scale and
intensity of this pattern may have important conse-
quences, both for comparative sampling of the habi-
tats of the eastern boundary currents, and for interpret-
ing predation. Because this set of samples was taken
for other purposes, we will discuss the relations be-
tween these observations and similar observations, the
implications of the persistence of pattern, and what

sampling design and effort are necessary to advance
the pattern studies to an analytical level.

Sampling Consequences

The high variability of plankton samples has been
attributed to variations in towing procedure (Windsor
and Walford 1936); heterogeneous water masses
(Windsor and Clarke 1940; Cassie 1959); and aggrega-
tions of organisms (Ricker 1937; Langford 1938;
Barnes and Marshall 1951). In particular, sardine
eggs, which last in the plankton only a few days, are
known to be aggregated at spawning (Silliman 1946;
Taft 1960) and diffuse away from school-sized (tens to
hundreds of meters diameter) patches, which persist
for several days (Smith 1973). Aggregations of organ-
isms and heterogeneous water masses occur at several
scales and may persist over various time periods
(Haury et al. 1978), and our perception of the pattern
is profoundly influenced by frequency and duration of
cruises, the spacing between stations, and the width
and trajectory of the sampling instruments as well as
the length of tow (Weibe 1972).

Number of samples. The required number of
observations can be determined for a first approxima-
tion from an existing set (Santander et al. 1982) or
from a pilot cruise. In general, pattern is small-scale
relative to the distribution of the species, so a pilot
study of spawning pattern can be conducted in a small
area (100 x 100 km). The results of this study indi-
cate that one must be separated from an area by either
space (km) or time (days) to gather a valid replicate
versus a redundant sample. The same is true of the
pilot study conducted on existing sample results.

If a study requires precise data on a single day’s
spawning, the variance of the total eggs will be an
underestimate of the individual day’s spawning by the
ratio of the persistence of the egg and the sample
variance of the total eggs: for an egg that persists 3
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Figure 2. The persistence of correlation between tows as a function of time between tows. Points are from individual values of coefficient of determination
for adjacent tows (7 sets), tows separated by 24 minutes (6 sets), tows separated by 36 minutes (5 sets), etc. The lines connect the medians of each
interval. (For simplicity, only the nominal interval is graphed: the actual intervals varied from 6 to 36 minutes, with 92% of intervals between 9 and 17
minutes and 51% between 11 and 13 minutes. For complete distribution see Appendix Table 2.)

days, the variance of the total eggs can be multiplied
by three to estimate the required number of samples
for a given standard error. If the study requires 200
observations to suitably estimate the total number of
eggs, it would require 346 samples to estimate the
number of eggs spawned in a single day. To describe
the onset of spawning between 1800 and 0200 hours
with equal precision, it would take a similar number of
samples each hour.

Geographic position of samples. Anchovy spawn-
ing habitats seem to vary considerably in different
eastern boundary currents. The spawning habitat off
North America comprises broad regions in relatively
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permanent gyrals. The spawning habitat off Peru is
relatively narrow (Santander et al. 1982; Smith et al.
1983); the spawning habitat off South Africa appears
to be a fast-moving coastal jet (Shelton and Hutchings
1982). The current practice is to make 1,000 observa-
tions per survey off California (Smith and Hewitt
1984). This may be the minimum required when one
considers that the sample must encompass the spawn-
ing area, obtain a representative mean, and provide an
estimate of egg mortality. Where the spawning habitat
is too narrow to provide sufficiently independent adja-
cent samples, as in Peru, it may be necessary to
occupy the habitat more than once. Where the habitat
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TABLE 10
Ocean and Atmospheric Predictability Time for
Different Scales of Motion

Scale Predictability time
Atmosphere Ocean
10 m — 10 min.
100 m 3 min. 1.5hr
1 km 13 min. 10 hr
10 km 1 hr 3 days
100 km 4 hr 3 weeks
1000 km 1 day 4 months
10000 km 5.5 days X years

Modified from Platt et al. (1977)

is extremely dynamic, it may be necessary to expand
the pattern with time to accommodate the rapidly
moving jet and evaluate the survivors.

Consequences for the Study of Pattern

The egg distribution of schooled, coastal, pelagic
spawning fish sufficiently resembles coastal plankton
blooms like red tide (Kierstad and Slobodkin 1953;
Wroblewski 1984) to allow evaluation of the influence
of turbulent diffusion and transport at spawning time
(Lasker 1975; Bakun and Parrish 1982). The 60 sam-
ples reported here (480 observations in samples of 8
per station) are not sufficiently numerous to describe
even mortality, so we may expect the number of sam-
ples necessary to exceed 200 if interannual variations
are relatively large. The assembly of 5 years of egg
distribution observations (1,666 positive samples) was
adequate to estimate mortality and dispersal (Smith
and Hewitt 1984). There was no evidence of offshore
transport in the 3-day period for which eggs persist:
transport may be inferred from the distribution of
older versus younger larvae (Smith 1972 [sardine, Fig.
6; anchovy, Fig. 7]; Hewitt and Methot 1982
[anchovy, Tab. 4, Fig. 15]). Because of this latter
phenomenon, higher volumes will have to be filtered
over longer distances than used for the vertical tows,
to effectively describe transport. Also, the observa-
tions must be extended over time to describe transport
in the mesoscale.

Predictability in the Eastern Boundary

A new process of modeling, empirical measure-
ments specified by models, and modification of mod-
els based on new measurements is beginning (Bakun
et al. 1982). For eastern boundary currents the models
will have an atmospheric component, an oceano-

graphic component, and a series of biological effects.
We must remember that some causative factors in the
air and ocean will remain unpredictable over certain
space and time scales; thus biological responses will
remain unpredictable. The nature of the problem of
matching these time and space scales may be seen in
Table 10. It seems reasonable to conclude from cor-
relation of replicate samples for eggs less than 8 hours
old that the pattern which yielded this result was on
the order of hundreds of meters or the space scale of a
fish school (perhaps in motion during spawning).
Thus there is a new opportunity to design process-
oriented cruises with the goal of determining the most
important time and space scales of organisms of
known age and distributional heterogeneity.
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APPENDIX
TABLE 1 TABLE 1 (continued)
Station Data for Replicate Series
CalCOF1 CalCOFI 10-meter CalCOFI CalCOFI 10-meter
line station Date Time temperature line station Date Time temperature
90.0 28.0 790122 2043 14.8 92.8 31.6 790210 1859 13.9
82.0 47.0 790127 0810 13.1 91.2 30.2 790211 0040 12.4
83.0 42.0 790127 1254 13.6 91.9 343 790211 0540 14.1
83.0 40.6 790127 1832 13.5 91.2 37.8 790211 0939 14.7
87.0 35.0 790128 0645 13.7 89.7 36.5 790211 1400 14.7
89.6 34.6 790128 1419 14.1 88.9 40.7 790211 1739 13.8
93.0 30.0 790129 1855 13.8 88.2 43.9 790212 1519 14.0
93.0 35.0 790129 2313 14.1 87.8 39.1 790212 1907 13.3
93.0 40.0 790130 0337 14.4 86.4 38.5 790212 2300 13.7
93.0 45.0 790130 0757 13.2 85.6 45.8 790213 0749 13.2
89.5 41.0 790131 0959 13.2 82.5 43.3 790214 0640 13.4
88.4 40.6 790131 1413 13.5 83.8 40.6 790214 1050 13.8
89.2 32.9 790201 0813 13.6 85.2 37.2 790214 1452 13.9
90.1 32.0 790201 1150 13.7 86.5 33.9 790214 1920 13.8
90.8 35.1 790201 1549 14.0 89.4 30.6 790215 0320 13.8
91.7 39.8 790201 2057 13.9 90.2 29.3 790215 0655 14.0
90.6 42.8 790202 0127 14.0 91.7 28.0 790215 1050 14.9
88.9 45.3 790202 0632 12.9
87.6 4.7 790202 1031 13.2
86.3 44.8 790202 1905 13.0 TABLE 2
86.1 42.6 790203 0010 13.1 Distribution of Intervals between Tows
84.3 43.4 790203 1108 13.0 1
83.8 47.2 790203 1444 13.1 t‘)'e‘:;’(::n Proportion
83.9 52.3 790203 1839 13.1 s o
89.4 51.2 790204 0947 13.4 (min) observations
91.9 4.2 790204 1855 13.3
92.9 38.1 790204 2346 13.6 6 011 :*
91.9 32.8 790205 0423 13.6 13 -gg N
93.5 27.4 790205 1142 14.0 " D60 erreeemimeerinens
93.8 31.8 790206 1945 14.3 :
91.9 40.6 790207 0728 13.8 16 .060 exxx
90.8 46.5 790207 1222 13.2 18 .026 *
90.5 4.2 790207 2127 13.8 20 0
9.2 42.9 790208 0845 14.1 22 017
93.1 45.2 790208 1717 13.8 24 0
91.8 45.8 790208 2104 13.9 26 003 *
92.7 40.9 790209 0126 13.9 28 0
94.9 50.2 790209 1802 13.7 30 0
96.7 50.2 790209 213 14.3 32 003 *
96.0 45.9 790210 0319 14.2 34 0
94.4 38.6 790210 1106 13.9 36 0
93.3 347 790210 1526 14.4 38 003 *
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TABLE 3
Program to Estimate Parameters of a Negative Binomial Distribution

Original program by Hewitt Tektronix (1977)
Converted by Smith to TRS-80 (1980)
Converted by Smith to VAX (1982)

10 rem uses three methods for estimating k of negative binomial™
20 K=0
30 Ki=0
40 K2=0
50 PRINT‘*Enter total number of observations in sample, number of”’
60 PRINT"‘zero observations, mean and standard deviation of all”’
70 PRINT*‘observations.”’
80 INPUT N,Z,M.,S
85 V=8*§
90 PRINT ‘‘trialk = ’;
100 INPUT K
110 X= —-LOG(Z/N)K —-LOG(1+M/K)
120 PRINT*‘residual = ’’;X
130 PRINT “‘press enter for another trial, otherwise any key”’
140 INPUT Q$
150 IFQ$=*"""GO TO 90
160 Kl=M*M)/(V—-M)
170 PRINT*‘Enter the observation frequency table: first value’
180 PRINT"‘then frequency thus 15,6 - - enter 999,0 when finished’’
190 DIM 11(1000),R(1000)
200 I=1
210 PRINTI; “‘value = *’;
220 INPUT II(])
230 [IF I1(I)=999 THEN 290
240 PRINT “‘frequency = ’’;
250 INPUT R(I)
260 A=1
270 I=1+1
280 GO TO 210
290 PRINT “‘trial K = *’;
300 INPUT K2
310 B=1
320 U=0
330 FOR]J
340 Q=0
350 FORI=BTOA
360 Q=R(I)+Q
370 NEXTI
380 V=Q/(K2+]-1)
390 U=U+V
400 B=B+1
410 NEXT]J
420 X=N*LOG(1+M/K2)~U
430 PRINT *“‘residual = ;X
440 PRINT ‘“‘want another iteration?”’
450 INPUT Q$
460 IFQ$=‘"" GO TO 290
470 PRINT “‘from the proportion Of ZETOES . . ... ... . ... ..ottt et e et e e e
480 PRINT *‘by the method of MOMENLS ... ... ... o e e e
490 PRINT ‘‘by maximum likelihood
500 END

1 TOA

I
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GROWTH OF LARVAL SARDINES OFF PERU
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Southwest Fisheries Center
P.O. Box 271
La Jolla, California 92038

ABSTRACT

The growth rate of sardine larvae from Peru was
determined from daily increments in the otoliths.
Scanning electron microscopy was used to confirm the
size of increments. The growth rate of sardine larvae
is discussed in relationship to other clupeoid fishes, in
particular the anchoveta and northern anchovy.

RESUMEN

Se determind la tasa de crecimiento de las larvas de
la sardina peruana sobre la base del incremento diario
de los otolitos. Se utiliz6 microscopia electronica de
barrido para confirmar la magnitud de los incre-
mentos. La tasa de crecimiento de las larvas de sardina
es analizada en relacién con otros clupéidos, en par-
ticular la anchoveta y la anchoveta del norte.

INTRODUCTION

Since El Nifio of 1972 the population of Pacific
sardine, Sardinops sagax sagax, in the Peruvian Cur-
rent has increased greatly while the anchoveta, En-
graulis ringens, has declined. The biomass of sardines
was estimated at 3 million metric tons in 1978. The
Pacific sardine is now the basis for the most important
fishery off Peru, having replaced the formerly abun-
dant anchoveta. The resurgence of the sardine popula-
tion following the decline of the anchoveta raises
many questions about the interactions between the two
species.

Sardines and anchovies share many similarities in
addition to their differences (Murphy 1966, 1967;
Smith 1972). The sardine, anchoveta, and northern
anchovy all spawn between sunset and midnight (Ahl-
strom 1943; Hunter and Macewicz 1980; Ahlheit et al.
1984). The eggs of sardines and anchovies are quite
different. The eggs of both the northern anchovy (En-
graulis mordax) and the anchoveta (Engraulis ring-
ens) are oblate spheroids about 1.34 mm long and
0.66 mm wide, with a narrow perivitelline space (Ahl-
strom 1956; Fischer 1958; Einarsson and Rojas de
Mendiola 1963). However, the sardine (Sardinops
sagax caeruleus) egg is spherical with an average
diameter of 1.70 mm (range 1.35-2.05 mm) (Ahlstrom
1943).

{Manuscript received January 14, 1985.]
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In spite of the differences in egg morphology, in-
cubation times and larval morphology are quite simi-
lar. Sardine hatch in 2.8 days at 15°C (Lasker 1964);
northern anchovy hatch in 2.9 days at 15°C (Zweifel
and Lasker 1976); and anchoveta hatch in 2-2.5 days
at 14-16°C (Ware et al 1981). The elongate larvae of
sardines and anchovies are morphologically quite
similar (Ahlstrom 1943, 1956; Smith 1972). Yolk-sac
larvae begin feeding one to two days after hatching
(Zwiefel and Lasker 1976). Feeding behavior of both
sardines and anchovies is characterized by S-shaped
feeding strikes.

Off California from 1951-60 anchovy larvae were
taken at 71.3% of all stations where sardines occurred
(Ahlstrom 1966). Sardine and anchovy larvae may
interact through interspecific competition for food or
through differential mortality. Copepod nauplii and
copepodites are the dominant food items of sardine
and northern anchovy larvae off California (Arthur
1976) and of anchoveta larvae off Peru (Rojas de
Mendiola 1974; Ware et al. 1981). Interspecific com-
petition for food implies that the abundance of one
species affects the availability of food for the other
species. However, even at the station where anchovy
were most abundant, anchovy larvae constituted no
more than 0.02% by volume of all organisms collected
by .333-mm mesh plankton netting; many of these
organisms consume the same food as the anchovy
larvae (Bob Owen, pers. comm.). Thus intraspecific
competition among anchovy larvae or interspecific
competition for food between anchovy and sardine
larvae seems unlikely. Differences in growth between
species of larvae could lead to differential survival,
since the smallest (youngest) stages are the most
vulnerable to predation (Hunter 1984). High growth
rates of sardine larvae during periods of warm water
may be one mechanism whereby environmental varia-
tions may lead to large changes in abundance.

At present, however, little is known about the
growth rates of sardine larvae in the sea, because the
techniques for investigating such growth rates have
only recently been developed (Brothers et al. 1976),
and adequate samples were difficult to obtain when
the populations were low. We investigated sardine
growth as part of the continuing research at the Institu-
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Figure 1. Photomicrograph of the otolith from a 13.8-mm sardine larvae (3400 x ). The increments are difficult to interpret in this specimen.

to del Mar del Peru on the pelagic resources of Peru
and as a basis for estimating larval sardine mortality
rates in the sea.

MATERIALS AND METHODS

Pacific sardine larvae (Sardinops sagax sagax) were
collected with a 1-m ring net on August 27, 1983, at
09°39.8'S, 78°24.7'W off Chimbote, Peru. The sea-
surface temperature at the time of capture was 18.6°C.
Plankton samples were fixed in 80% ethanol at the
time of collection and refixed with 80% alcohol one
day after collection. Larvae were sorted from the pre-
served samples and stored in 80% ethanol.

Adult Pacific sardine (Sardinops sagax caeruleus)
were spawned in the laboratory at the Southwest
Fisheries Center on December 18, 1984. The eggs
hatched two days later at 18.5°C. Ten to fifteen larvae
were preserved in 80% ethanol. We used the labora-
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tory-reared specimens to determine the length of the
larvae and the size of the otolith at hatching. Daily
increments in the otoliths (sagittae) were examined
with light microscopy and electron microscopy. We
dissected otoliths from larvae in water on a micro-
scope slide, cleaned them of adhering tissue, and
allowed them to dry before covering them with clear
nylon nail hardener (Sally Hansen Hard as Nails with
nylon) for examination under a compound microscope
at 400 and 1000 magnification.

Otoliths examined with scanning electron micros-
copy (SEM) were transferred to a drop of nylon nail
hardener on an aluminum SEM stub. We polished the
otoliths with .3-micron lapping compound and etched
them for one minute with 5% ethylenediaminetet-
raacetic acid (EDTA) buffered to pH 7.5. We then
coated the specimens with gold before viewing them
at 1790 X with scanning electron microscopy.



BUTLER AND ROJAS DE MENDIOLA: GROWTH OF LARVAL SARDINES

CalCOFI Rep., Vol. XXVI, 1985

Figure 2. Photomicrograph of the otolith from a 14.5-mm sardine larva (3300 x ). The large dark lines correspond in size to the increments seen in scanning
electron micrographs.

RESULTS

We examined the otoliths of sardine larvae hatched
in the laboratory with light microscopy and with scan-
ning electron microscopy. No increments were found
in the otoliths from larvae sampled on the day of
hatching (day 0) or the following day (day I). Rearing
conditions of the larvac were apparently suboptimal,
because all larvae died within a few days. Otoliths
from these larvae were ambiguous. Brothers et al.
(1976) found that northern anchovy formed the first
increment on day 5. Because of similarities in larval
development (see Introduction), we assume that sar-
dine larvae also form the first increment on the fifth
day after spawning. This assumption is subject to
verification.

The use of light microscopy (Figures | and 2) alone
can lead to ambiguous interpretation of the number of
increments in an otolith because small increments may
not be resolved or because subdaily increments within
large increments may be interpreted as daily incre-
ments. Thus we examined sardine otoliths using scan-
ning electron microscopy. This technique confirmed
the size of the increments (Figure 3) and a fast growth
rate of sardine larvae (Figure 4). The laboratory-
reared specimens indicated that sardine larvae do not
form daily increments until about three days after
hatching. Therefore the age of field-collected speci-
mens was calculated by adding five days to the num-
ber of increments in the otolith (Figure 4). The length-
at-age data were fitted to a Laird-Gompertz equation
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Figure 3. Scanning electron micrograph of a polished and etched otolith from a 14.8-mm sardine larva (3500 x ). The large pit in the center is the focus.

(Zwiefel and Lasker 1976) and to a logistic equation.
The logistic equation gave a slightly better fit with
more degrees of freedom, but neither curve adequately
described the data.

DISCUSSION

According to the parameters from the logistic equa-
tion, sardine larvae grow at a rate of 0.8 mm per day at
a size of 12.7 mm. This growth rate compares well
with the average growth rate of 0.7 mm per day
reported by Kimura and Sakagawa (1972) for labora-
tory-reared Sardinops sagax caeruleus, and the em-
bryonic growth rate of 0.8 mm per day for Sardinops
sagax musica at 18° (Garretén and Balbontin 1982).
The growth rate of sardine larvae is among the highest
reported for any clupeoid larva and greater than that of
laboratory-reared anchovy larvae at the same tempera-
ture (Blaxter and Hunter 1982). It is also about twice
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the growth rate of the northern anchovy in the sea
(Methot and Kramer 1979).

If early sardine larvae truly have a faster intrinsic
growth than anchovy, then this may be a key to iden-
tifying a fundamental ecological difference between
these superficially similar species. For example, faster
growth probably implies higher ration and hence, at a
given food density, larger search volumes and greater
swimming speeds. Ahlstrom (1966) found that sardine
larvae were most abundant where anchovy and sardine
co-occurred. Faster growth may also imply lower pre-
dation risk to size-specific predators. Faster growth
may also be a necessary feature of a seasonally later
spawner. Sinclair and Tremblay (1984) have proposed
that the timing of spawning of Atlantic herring popula-
tions is not coupled to spring phytoplankton blooms.
Rather, it is associated with growth rates in larval
retention areas that allow metamorphosis within a sea-
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sonal window. Different stocks of herring exhibit dif-
ferent larval growth rates, but all reach metamorphosis
at about the same time. It may be necessary for sardine
larvae to grow faster than anchovy larvae in order to
metamorphose and reach an optimal juvenile size be-
fore winter.
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RECENT INCREASED ABUNDANCE AND POTENTIAL PRODUCTIVITY OF
PACIFIC MACKEREL (SCOMBER JAPONICUS)

ALEC D. MACCALL

National Marine Fisheries Service
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P.O. Box 271
La Joila, California 92038

ABSTRACT

Cohort analysis (VPA) of recent Pacific mackerel
catches off southern California and northern Baja
California shows that total biomass (age [+) in-
creased sharply beginning in 1977. The increase fol-
lowed a period of extreme depletion, and continued
for several years, reaching a peak of 300,000 to
500,000 MT in 1982. Abundance decreased substan-
tially in 1983 and 1984 because of very weak recruit-
ment. The 1978 year class was considerably stronger
than the previous largest year class. The recent pattern
of reproductive success has been more variable than
was seen historically, although the underlying cycle
seems to continue.

We investigate potential productivity of the Pacific
mackerel resource by simulating the fishery from 1929
to 1968. The model assumes a Ricker stock-
recruitment relationship, and retains the historical pat-
tern in anomalies in reproductive successes, logarithm
of recruits per spawner. We examine sensitivity of the
simulation results to several alternative models of
stock-recruitment compensation; the results are most
robust to these assumptions if exploitation rates
(annual catch divided by total biomass) are near 0.2.
A yield isopleth diagram summarizes average annual
yields for linear harvest formulas of the type: harvest
equals a fraction of the total biomass in excess of a
cutoff level. The present California Pacific mackerel
fishery regulations (fraction = 0.2, cutoff = 18,144
MT total biomass) should produce an average yield of
27,000 MT/yr with an annual standard deviation of
about 15,000 MT. Average yield could be increased to
about 29,000 MT/yr if the fraction is increased to
0.28, but the annual standard deviation would increase
to about 19,000 MT, and the average total biomass
would decrease by about 25 percent. Because present
California fishery regulations do not include all catch-
es of Pacific mackerel in the harvest formula, the
present effective value of the fraction exceeds its
nominal value of 0.2.

[Manuscript received February 15, 1985.]

RICHARD A. KLINGBEIL
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National Marine Fisheries Service
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RESUMEN

Andlisis de las cohortes en capturas recientes de la
caballa del Pacifico a la altura del sur de California y
norte de Baja California indican que la biomasa total
(edad 1+) aumentd abruptamente desde 1977. El in-
cremento sucedid a un periodo de gran pauperizacion
y continué durante varios afos, alcanzando, en 1982,
un maximo de 300,000 a 500,000 toneladas métricas
(TM). En 1983 y 1984 la abundancia disminuyé con-
siderablemente debido al escaso reclutamiento. La
clase anual de 1978 fué considerablemente mas robus-
ta que la clase anual anterior de mayor magnitud. El
reciente patron de éxito reproductivo fué mas variable
de lo registrado historicamente, pero el ciclo sub-
yacente parece continuar. Investigamos el potencial
reproductivo del recurso de la caballa del Pacifico
mediante la simulacién de la pesqueria desde 1929
hasta 1968. El modelo presupone una relacién Ricker
de stock-rectutamiento, y conserva el patrdén histdrico
de anomalias en el éxito reproductivo, i.e., logaritmo
de reclutas por desovante. Examinamos la sensibilidad
de los resultados de la simulaciéon con respecto a
varios modelos alternativos de compensacion stock-
reclutamiento; los resultados mas coherentes frente a
estos supuestos se obtienen si los ritmos de explota-
cién (captura anual sobre biomasa total) se mantienen
en alrededor de 0.2. Un diagrama de isolineas de
rendimiento resume los rendimientos anuales medios
para férmulas de cosechas lineales del siguiente tipo:
la cosecha es igual a una fraccion de la biomasa total
la cual excede un valor limite dado. Las reglamenta-
ciones californianas actuales sobre la pesca de la
caballa del Pacifico (fraccién = 0.2, valor limite =
18,144 TM de biomasa total) deberian producir un
rendimiento promedio de 27,000 TM por afio, con una
desviacién estdndar anual de aproximadamente 15,000
TM. La captura promedio podria ser aumentada a
alrededor de 29,000 TM por aiio si la fraccion fuera
incrementada a 0.28, pero esto llevarfa a un aumento
de la desviacion estandar anual a unas 19,000 TM, y la
biomasa media total disminuiria en un aproxima-
damente 25%. Dado que las actuales reglamenta-
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ciones pesqueras de California no incluyen todas las
capturas de caballa del Pacifico en la férmula del
rendimiento, el valor actual efectivo de la fraccion
excede su valor nominal de 0.2.

INTRODUCTION

The Pacific mackerel (Scomber japonicus) resource
off California is one of the most thoroughly studied in
world fisheries. Its population dynamics, nonetheless,
remain enigmatic in many respects. Fishery data have
allowed cohort analyses to extend from the beginning
of the fishery in 1929 to its collapse in the late 1960s, a
petiod of about 40 years (Parrish and MacCall 1978).
The California fishery was closed by legislation in
1970 and reopened in 1977, when abundance in-
creased (Klingbeil 1983). Lack of fishery data during
this closed period prevents detailed analysis of the
collapsed population. However, the relatively large
fishery since 1977 once again has supplied data suffi-
cient for population estimates, the results of which are
reported here.

In 1972 the California legislature enacted an in-
novative management law that established Pacific
mackerel catch quotas according to a formula based on
estimated resource abundance. The formula was
changed in 1978 to its present wording, whereby sea-
sonal harvest is to be no more than 20 percent of the
excess over 20,000 short tons (18,144 MT). Klingbeil
(1983) gives a detailed history of the fishery’s manage-
ment, including provisions for incidental catch allow-
ances and size limits. Recent biological and economic
conditions have caused both the southern and central
California purse seine fleets to increase reliance on
Pacific mackerel. The result has been that during re-
cent seasons (1983-84 and 1984-85), quotas have been
met much earlier than they otherwise would have
been. Fishermen were then faced with several months
of interseason restrictions on the catch of Pacific
mackerel with virtually no alternative species avail-
able for redirected effort. Fishery managers have been
faced with imposing short-term economic hardships
on fishermen or else increasing quotas above the
quantity dictated by the harvest formula and current
abundance estimate.

Accordingly, some parts of industry and manage-
ment have expressed interest in either modifying the
harvest formula or replacing it with other management
measures (e.g., constant quotas) in order to allow
higher catch rates and/or lessen the need for in-season
quota adjustments. Because the formula adopted in
1978 was not based on extensive fishery analysis, we
have undertaken an evaluation of that formula in com-
parison with a range of alternative management mea-
sures. This analysis provides a guide for revising the
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management regime as well as an assessment of
reasonable expectations for future catch levels and
patterns.

ABUNDANCE ESTIMATES

Method

Because many segments of the Pacific mackerel
fishery are highly seasonal, we have compiled catches
on a quarterly basis beginning with the fourth quarter
of 1976, when incidental catches rose to a level allow-
ing monitoring (Table 1). Accuracy of abundance esti-
mates by cohort analysis requires that all catches be
accounted for, so we have included estimates of the
northern Baja California commercial catch (provided
by Biol. Walterio Garcia, Instituto Nacional de Pesca,
Ensenada, B.C.N., Mexico), and the recreational
catch on the Pacific coast of the United States. Some
of these source data were aggregated by year, and
others are not yet available; reasonable assumptions
(documented in Table 1) were employed where neces-
sary to complete the catch information base. Errors in
cohort analysis that arise from converting annual

TABLE 1
Season (July-June) Catches (MT) for Commercial and
Recreational Segments of the Pacific Mackerel

Fishery
Fraction
sampled
California Mexico * (California
Season Comm. Recr® Comm. Total comm./total)

1976-77 2603 190 1271 4064 0.64
1977-78 7787 872 5168 13827 0.56
1978-79 18249 1678 7376 27303 0.67
1979-80 27753 1648 5153 34554 0.80
1980-81 27910 1910 3368 33179 0.84
1981-82 37950 (1366) © 3045 42361 0.90
1982-83 30045 (1412) (4518) 35975 0.84
1983-84 35908 (1412) (4518) 41838 0.86

All fish for which ages were determined were sampled from the
California commercial landings.

* Annual Mexican commercial catches and estimates of recent
catches were supplied by Walterio Garcia (personal
communication, Instituto Nacional de Pesca, Ensenada, Mexico).
We calculated seasonal values by assuming 40% of the annual
catch 1s taken in January-June.

b California partyboat catch is converted to total recreational
catch based on the Marine Recreational Surveys of 1979 and
1980 (Holliday et al. 1984).

¢ Monthly partyboat catches are known through August 1981.
Annual catch is known for 1981 and 1982. Annual catches for
1983 and 1984 are assumed to be the same as in 1982.
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catches to nominal seasonal catches are not likely to
be large (Sims 1982). Because age composition esti-
mates are lacking for the Mexican and recreational
fishery segments, their age compositions were
assumed to be the same as that of the commercial
fishery monitored at San Pedro, California. Although
there are errors associated with these assumptions,
much larger errors would necessarily result from omit-
ting catch estimates for these incompletely reported
segments.

The cohort analyses were conducted similarly to
carlier estimates, except that the solution uses an
accounting season beginning July 1 rather than May 1,
as was used by Parrish and MacCall (1978). As before,
fish 4 years old or older (age 4 +) are assumed to be
fully and equally available to the fishery; fishing mor-
tality rates of age 4 + and age 5+ fish are equated in
each season in order to ‘‘link’’ the solutions for adja-
cent cohorts. The instantaneous natural mortality rate
(M) was assumed to be 0.5/yr (Parrish and MacCall
1978).

Current values of fishing mortality rates (£) need to
be assumed in order to obtain F estimates for earlier
time periods. The current values are imprecise, not
being based on direct evidence; fortunately, estimates
of fishing mortality rates for earlier periods become
less arbitrary because of converging properties of
cohort analysis (Parrish and MacCall 1978, 38-39).
Lacking independent indices of mackerel abundance,
we must base the estimate of current ' (and hence the
current biomass) on internal consistency and experi-
ence with fishery analysis; it would be misrepresen-

TABLE 2
Fishing Mortality Rate Estimates for Age 4+ Fish, for
Various Initial Assumed Values

Season Annual F estimate for age 4 +

1978-79 0.264 0.279 0.289
1979-80 0.417 0.450 0.473
1980-81 0.295 0.330 0.355
1981-82 0.292 0.341 0.378
1982-83 0.282 0.348 0.403
1983-84 (assumed) 0.3 0.4 0.5

tation to claim this to be more than an elaborate
educated guess.

Our rationale for postulating initial values of F is as
follows:

Fully available ages (4+). Trial solutions using a
variety of current (1983-84 season) F estimates (Table
2) showed that a value of 0.3/yr produced consistently
similar values for the preceding three seasons, and
would correspond to roughly constant fishing mortal-
ity rates generated by the fishery. However, since
mid-1983 jack mackerel (Trachurus symmetricus, the
main alternative species in the fishery) have been
much less available than usual, suggesting that fishing
has been directed more specifically toward Pacific
mackerel than in previous periods. Also, the abun-
dance of Pacific mackerel has declined in the 1982-83
and 1983-84 seasons for all trial solutions (Figure 1),
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and F may have increased because of an abundance-
dependent increase in the catchability coefficient, as is
typical for coastal pelagic fisheries (cf MacCall 1976).
Associated with this decline is a much older age com-
position, which in itself should result in higher av-
crage availability and consequently higher fishing
mortality rates given similar levels of nominal fishing
effort. Moreover, total catches during 1984 reached
nearly 41,000 MT, one of the highest levels since the
recovery began (Figure 1). On the other hand, the
Pacific mackerel population extended northward much
farther than normal in 1983 and 1984, probably in
association with warm oceanic conditions. This would
have reduced the available fraction of the stock, and
would have reduced F accordingly. An F approaching
0.5/yr was generated on fully available fish in the
1979-80 scason (Table 2), indicating that a value this
high is clearly possible. We concluded that a range of
current F from 0.3/yr to 0.5/yr is roughly consistent
with these observations. These values provide nomi-
nal upper and lower abundance estimates, respectively
(Figure 1). We feel that true abundance probably lies
somewhere between these levels, but only future catch
patterns can confirm these estimates.

Partially available ages (0,1,2,3). We obtained esti-
mates of historical abundance of the 1980 and earlier
year classes by assuming values of current F for fully
available fish. We then evaluated availability of youn-
ger ages relative to age 4+ for the 1979-80 through
1982-83 seasons. Mean availabilities differed very lit-
tle for the three solutions, and were 0.026, 0.153,
0.380, and 0.717 for ages O through 3 in the current F
= 0.4/yr solution. Current F values for the partially
available ages were obtained by multiplying estimated
F for fully available ages by mean availability at age.
These estimates become very imprecise for the youn-
ger age groups, but the effect on the 1984 abundance
estimate is relatively small because the contribution
from the 1982 and 1983 year classes is unusually
small. Nominal estimates for age O fish are inaccurate
because the fish appear in the catch only toward the
end of the season.

Annual biomasses are calculated for July 1 of each
year, using estimated abundances (Table 3) and
observed mean weights at age for the third quarter of
that year. We calculated spawning biomasses accord-
ing to the spawning fractions at age given by Parrish
and MacCall (1978, 26-27). Where comparisons with
the historical fishery were desired, we projected
numerical abundances back to May 1 by multiplying
by EXP [(F+ M)/6], and calculated biomasses based
on mean weights at age from the second quarter of the
year.
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Results

Pacific mackerel abundance from 1977 to 1984 was
of a magnitude that has not been experienced for
nearly 50 years in California (Figure 1). The high
biomasses estimated by Parrish and MacCall for the
1930s were based on length-composition information
that they considered unreliable. Thus the reality of
those extremely high abundance estimates seemed
questionable. However, the similar abundances esti-
mated for the recent period confirm that the resource
can attain such high levels. The contrast between
recent abundances and those of the previous decade
(1967-76) 1s even more remarkable. In view of this
apparently unusual behavior of the resource, it is
reasonable to inquire whether the recent patterns of
Pacific mackerel population dynamics are similar to,
or different from those of the preceding period.

The historical relationship between recruitment and
spawning biomass has been nebulous, even when
viewed on a log-log scale (Figure 2). Yet the recent
estimates are variable even by historical standards:
many of the new observations fall on the periphery or
outside the ‘‘cloud’ of points established during the
previous 40 years of fishery analysis. The 1976 year
class that initiated the fishery recovery was moderate-
ly strong, but was produced by a spawning biomass
much smaller than any parental abundance previously
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TABLE 3
Annual Catches at Age (C, 10° Fish), Estimated Fishing Mortality Rates (F, Year '), and
Initial Abundances at Age (N, 10° Fish on July 1) for the Current F= 0.4/yr Solution

Age
Season 0 1 2 3 4 4+ 5+
1976-77
C 15.5 0.05 1.3
F 0.041 0.015 0.156
N — 5.0 11.7
1977-78
C 7.9 38.3 0.08 0.21
F 0.034 0.172 0.036 0.045
N — 304.8 3.0 6.1
1978-79
C 64.2 20.9 30.8 0.85 0.68 0.68
F 0.041 0.165 0.286 0.894 0.279 0.279
N — 173.7 155.6 1.8 35 3.5
1979-80
C 0.1 105.3 14.2 13.5 0.13 0.60 0.47
F 0.001 0.120 0.224 0.273 0.451 0.451 0.451
N — 1181.8 89.4 70.9 0.4 2.1 1.6
1980-81
C 16.2 1.4 77.7 7.6 7.3 7.5 0.18
F 0.019 0.012 0.167 0.249 0.330 0.330 0.330
N — 141.6 636.1 433 32.7 33.5 0.8
1981-82
C 6.1 33.8 5.8 66.6 4.7 8.1 34
F 0.007 0.069 0.090 0.296 0.341 0.341 0.341
N — 641.7 84.8 326.3 20.5 35.1 14.6
1982-83
C 0.6 19.9 23.7 7.4 345 38.1 3.6
F 0.008 0.037 0.086 0.221 0.348 0.348 0.348
N — 693.9 363.2 47.0 147.2 162.4 15.2
1983-84
C 0.2 2.8 453 40.2 6.0 — 18.4
F 0.010 0.061 0.152 0.287 0.400 — 0.400
N — 59.9 405.6 202.1 22.9 — 69.6
July 1, 1984
N — 16.5 34.2 211.3 92.0 — 37.6

The 1974 year class (upper right diagonal) includes all older ages.

seen to have produced such a level of recruitment. The
recruitment strength of the 1978 year class (1.21 to
1.44 billion fish on May 1) was 27% to 52% larger
than the previous record 1932 year class (0.95 billion
fish). Indeed, three of the four largest year classes on
record (1978, 1980, and 1981) may have occurred
since the recovery. In contrast, the 1982 and 1983 year
classes appear to be unusually weak with respect to the
large spawning biomasses that produced them. This
belies the previous impression (Parrish and MacCall

1978, 42) that recruitment strength is much less vari-
able when spawning biomass exceeds 100,000 MT,
and that this abundance provides insurance against
recruitment failure.

The temporal pattern of reproductive success, mea-
sured as the logarithm of recruits per spawning
biomass, historically followed a roughly cyclic pattern
(Figure 3). As expected from Figure 2, the amplitude
of recent fluctuations is larger than was seen in the
historical pattern. The decline in reproductive success
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from 1976 to 1983 shows a multiyear decline similar to
previous declines, but with short-term reversals that
have not been common previously. The presumptive
cycle is not yet complete; early catches of the 1984
year class indicate that it is stronger than the two
preceding year classes. Of course, a prolonged series
of poor reproductive success is possible, especially in
view of the historical pattern of poor recruitments
from 1933 to 1938, immediately following the very
high abundances of the early 1930s. The recent de-
cline from the top (1976) to the bottom (19837) of the
present cycle in reproductive success has taken at least
eight years, which is one year longer than the previous
longest decline (from 1957 to 1964). The reproductive
success at the top of the recent cycle was approximate-
ly 750 times that at the presumptive bottom of the
cycle, making Pacific mackerel off California one of
the more variable cases known to fishery science. The
temporal pattern of reproductive success since the
recovery is roughly congruent with the previous his-
torical pattern, but the scale appears to be different.
The unreliability of the values estimated by Parrish
and MacCall for the 1930s limits our ability to draw
definitive comparisons.

POTENTIAL PRODUCTIVITY

Method
The Pacific mackerel resource is by nature highly
variable. Standard fishery models, most of which are
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1970 1980 0.4/yr. A is recruitment in numbers

of fish; S is spawning biomass in
kg.

based on equilibrium assumptions, are inappropriate
for addressing this variability and its consequences.
Here we assess potential productivity by means of
computer simulations. We re-create the fishery from
1929 to 1968 under various harvesting policies, basing
the simulated resource response on the observed his-
tory of reproductive successes, and thus preserving the
important temporal pattern of the fluctuations (cf Fig-
ure 3). The calculations use Pope’s (1972) approxima-
tion to the catch equation, whereby annual catches are
removed from the simulated stock instantaneously at
midseason. Weights at age are taken from Parrish and
MacCall (1978, Table 7), and availabilities at age are
based on the average F relative to that of age 4 + for
the 1945-46 to 1964-65 seasons, during which period
the resource was fully exploited. The natural mortality
rate (M) was assumed to be 0.5, and ages 4 and older
are combined into a single age group. Table 4 gives
age-specific parameter values used in the simulations.

Treatment of the stock-recruitment relationship
(SRR) has a strong influence on estimates of produc-
tivity, and deserves extensive discussion. Because the
simulated spawning biomass is usually different from
the historical spawning biomass for a particular year,
the simulated recruitment should be correspondingly
different from the historical recruitment. The nature
and extent of that difference is given by the SRR.
Unfortunately, the historical reproductive successes
do not show a clear functional SRR (Figures 2,4).
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Therefore we consider two null models: first, that of
‘‘constant reproductive success’’ (CR/S), where his-
torical reproductive successes are used without com-
pensatory modification, and at the other extreme,
“‘constant recruitment’’ (CR), where the historical re-
cruitments themselves are used without modification,
i.e., complete compensation. The true response must
lie between the two extremes given by these null
models, so they provide reasonable bounds on the
estimated productivity of the resource. An intermedi-
ate level of compensation is represented by the Ricker
SRR, which can be defined by a linear regression of
In(R/S) on spawning biomass (S). Some degree of
compensation seems necessary because the abundance

TABLE 4
Age-Specific Parameters Used in the Pacific Mackerel
Fishery Simulations

Age
1 2 3 4 5+

Availability 0.366 0.494 0.711 1.000 1.000
Weight (kg) 0.192 0.317 0.448 0.574 0.725
Fraction

spawning * 0.77 0.88 1.00 1.00
Initial

abundance 229.6  207.0 33.2 24.4 0.0

(10 *fish)

*Fraction age 1 is 0.54/EXP(15.8B), where B is total biomass
(age 1+) in 10°MT (Parrish and MacCall 1978).

+83 Pacific mackerel reproductive
| ] | success and spawning biomass,
200 300 showing the linear regression esti-

mates. Dashed lines show a
nominal 90 percent confidence in-
terval for the stope, b.

trajectory of the 40-year simulation reaches unreason-
ably high levels in the absence of harvest, whereas use
of the Ricker SRR produces an abundance trajectory
with upper bounds similar to the abundance levels
observed in the 1930s and 1980s (Figure 5). It is
important that we have no objective evidence that a
Ricker SRR is appropriate. However, the model
agrees with the trend in the data (Figure 4), and is
mathematically convenient.

The Ricker SRR used in the simulations retains the
observed time series of anomalies in historical repro-
ductive success,

ln(R/S), =da — bS, + e;

where R, is recruitment (in numbers) from the spawn-
ing in year i,
S; is spawning biomass (kg),
a and b are parameters estimated from the
historical data from 1929 to 1983,
and ¢; is the anomaly in year i.

Although this regression estimate of parameters
may be assumed to provide the best estimates of re-
source productivity from the simulations, the extreme
variability of reproductive success (Figure 4) makes
sensitivity analysis appropriate. In addition to the
best-fitting Ricker SRR (a 1.242, b = 6.788/
10°MT, SE, 2.818/10°MT, 46df), we examined
cases corresponding to the upper and lower 90% con-
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fidence limits of the slope parameter from the regres-
sion (bypper = 11.521/10°MT, bigyer = 2.055/10°MT).
Besides imprecision arising from natural variability,
estimates of b are also influenced by systematic biases
resulting from violations of simplifying assumptions.
For example, Ludwig and Walters (1981) showed that
random error in measurement of spawner abundance
(8;) tends to produce underestimates of b. In contrast,
Walters (1985) showed that the time-series dynamics
of propagation of environmental perturbations (e;)
tend to lead to overestimation of b. The extent of,
and interaction among, these systematic biases is
unknown.

Results

Although a wide variety of management policies
could be evaluated by our simulation procedure, we
present results for only one type of policy—that cor-
responding to the linear harvest formula of the present
California management law. This type of policy can
be written as

H = p(B'Bmin)
H = O otherwise.

if B>B,.;,

Thus, the harvest (H) is specified by two parameters,
and is given by the fraction (p, the fraction) of the
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excess of the total biomass (B) over a minimum total
biomass (B, the cutoff). Note that if the formula
implies a negative harvest, no harvest is allowed. A
cutoff of zero abundance is analogous to a constant
effort policy. Cutoff values greater than zero approach
a constant escapement policy, whereas cutoff values
less than zero approach a constant harvest policy.

For the purpose of sensitivity analysis, we compare
yields averaged over the 40-year simulation, given the
five different stock-recruitment compensation models
discussed above (Figure 6). This comparison ex-
amines the set of harvest formulas consisting of var-
ious fractions, given a cutoff of 18,144 MT (20,000
short tons) total biomass. The average annual yields
are very consistent for fractions from 0.2 to 0.25;
simulated spawning biomasses are most near their
historical values (average is 80,573 MT); spawning
successes are most near their historical values; and the
influence of different assumed models of compensa-
tion is minimal. Accordingly, we should be able to
place our greatest confidence in this region of the yield
curves. Unlike the other models, the CR model pro-
duces an asymptotic yield curve because the model
lacks feedback of harvests on subsequent recruit-
ments. The CR/S model behaves badly at low fishing
intensities, because it allows the simulated abundance
to become unreasonably large, as was mentioned pre-
viously. As might be expected, the yield curve corre-
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Figure 6. Comparison of average
Pacific mackerel yields from linear
harvest policies with a cutoff of
18,414 MT (20,000 short tons), and
five assumed models of stock-
recruitment compensation. The
arrow denotes the simulations

FRACTION

sponding to the upper confidence limit for parameter
b (i.e., the most compensation) tends to resemble the
CR yield curve, and the lower confidence limit (i.e.,
least compensation) produces a yield curve closely
resembling the CR/S curve at higher fishing intensi-
ties. Although the fishing intensity needed to produce
the maximum average yield is sensitive to the assumed
compensation model, the maximum average yield it-
self is much less sensitive, ranging from 29,000 to
36,000 MT (within the 90% confidence limits of the
Ricker SRR).

Our simulation results are summarized by a yield
isopleth diagram showing the average yields for vari-
ous combinations of the cutoff and fraction parameters
of the linear harvest formula (Figure 7). The region of
greatest confidence in the simulation results, where
average simulated spawning biomass is equal to the
historical average, extends across the center of the
diagram, rising slightly toward the right. Maximum
average yield for a given cutoff appears as a ridge also
rising toward the right. Maximum average yield for a
zero-cutoff (constant effort) policy is 28,500 MT/year,
whereas it exceeds 30,000 MT/year at large cutoff
values.

In general, the standard deviation of annual harvest
increases with larger fractions, but is nearly indepen-
dent of cutoffs in the range of values examined here.
The standard deviation of annual harvest rises in pro-
portion to the fraction to about 15,000 MT at a frac-
tion of 0.2, and then becomes roughly asymptotic at
about 20,000 MT for fractions above 0.3. Because
higher cutoffs require higher fractions to maximize
yield, variability also increases with maximum aver-
age yield.

with greatest robustness, where
simulated average spawning
biomass is equal to the historical
average.

Formulas with negative cutoffs do not curtail har-
vest at low abundances, and therefore run a high risk
of depleting the resource. The region of Figure 7
marked ‘‘collapse’’ shows those parameter values that
result in total loss of the resource within the 40-year
period of the simulation; the actual region of potential
collapse extends to much lower fractions, but does not
extend to positive values of curoff, which serve to
protect against total loss of the resource. Also, the
isopleths of average yield for negative cutoffs do not
recognize the long period of no yield following a
collapse, so actual isopleths must bend downward
much more sharply than is shown by the upper left
section of Figure 7.

20 25 27.5
0.5 T T T
29
0.4 29.5
29.5
5 0.3 29
g _ 27.5
£ o2 // 25
20
0.1
10
0 ] 1 ] |
-20 -10 0 10 20 30 40

CUTOFF (1000 tons)

Figure 7. Average yield isopleths for linear harvest policies and the best-
fitting Ricker SRR. Dotted line is maximum average yield, given the
cutoff. Dashed line is the locus of greatest robustness, where simulated
average spawning biomass is equal to the historical average. The cross
denotes present management policy.
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DISCUSSION

The high abundances of the 1930s and 1980s are
remarkable events in the history of the fishery (Figure
1). We are now able to attempt to estimate how often
these events occur. The paleosedimentary record of
Pacific mackerel scales in the Santa Barbara Basin
(Soutar and Isaacs 1974) shows two peak periods of
deposition since 1800. One is in 1925-35, correspond-
ing to the known abundance peak at that time. The
other event occurred about 1830. Albeit imprecise, the
simulated trajectory of Pacific mackerel abundances in
the absence of a fishery (Figure 5) suggests that none
of the post-1930 peaks would have been as large. Thus
we can tentatively identify three major eruptions of the
resource in the last 185 years, and conclude that the
recent level of abundance is a rare event.

The ecological effects of increased Pacific mackerel
abundance are confounded with other recent changes
in the environment and fisheries. Mackerel extended
their range far to the north during the 1980s, but the
migratory effects of population pressure are difficult
to separate from the influence of the strong 1982-84
oceanic warming. During 1983 and 1984 Pacific
mackerel schools were reported in Puget Sound and
Queen Charlotte Sound (Canada), and frequently were
caught off Oregon in ‘‘blind’’ purse seine sets sam-
pling nekton (W. Pearcy, Oregon State Univ., pers.
comm.). Mackerel were abundant in Monterey Bay
and the Gulf of the Farallons, off San Francisco.
James Messersmith (CDF&G, Sacramento, Califor-
nia, pers. comm.) identified a very small juvenile
Pacific makerel caught in 1984 in Humboldt Bay, near
Eureka. This is clear evidence for at least marginally
successful spawning over 400 nmi north of Point Con-
ception, the usual northern boundary of spawning
(Kramer and Smith 1970).

Mais (1981) reported a sudden change toward a
much younger age composition of northern anchovies
(Engraulis mordax) in southern California beginning
about 1977. He suspected increased predation by Pa-
cific mackerel and increased fishing pressure from
the expanding Mexican anchovy fishery to be the ma-
jor causes of this shift. Also, anchovy abundance has
declined severely from the levels of the mid-1970s (ca.
2 million MT spawning biomass) to 1984 (ca. 0.3
million MT). In view of the Pacific mackerel abun-
dances estimated in this paper, which are much larger
than the previous estimates available to Mais, an in-
creased mortality rate of anchovies due to mackerel
predation is a very likely cause of these changes in the
anchovy stock. Anchovy age composition analysis by
Methot (1983) indicated large changes in the natural
mortality rate of anchovies, but a conclusive statistical
demonstration of this phenomenon is difficult.
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The northerly extension of Pacific mackerel has
been popular with commercial fishermen at Monterey,
where landings have reached record levels. On the
other hand, recreational fishermen seeking salmon in
the Gulf of the Farallons have complained about in-
terference and gear losses caused by mackerel. Sal-
mon biologists in Canada have been concerned about
potential increased predation on salmon smolts in
Queen Charlotte Sound. To the south, recreational
fishermen often spurn Pacific mackerel in the pursuit
of more esteemed sportfish. Indeed, some recreational
fishermen blame increased abundance of Pacific
mackerel for the increased harassment of recreational
fishermen by California sea lions (Zalophus califor-
nianus). The importance of Pacific mackerel as forage
aside, these perceptions combine with the harvesting
desires of southern and central California commercial
fishermen to form an unusually unified public opinion
that allowable catches should be increased. This opin-
ion is strengthened by the prevailing industry opin-
ion—confirmed by the estimates in this paper—-that
Pacific mackerel abundance, and hence allowable har-
vest, have been underestimated for several years.

Evaluation of the present management policy re-
quires consideration of both interacting components of
this policy: the harvest formula, and the abundance
estimates used to implement it. Within the framework
of the present linear harvest formula there is little
reason to change the present cutoff level of 18,144
MT (20,000 short tons). This level provides sufficient
protection from severe depletion while allowing a
fishery in nearly all years. The latter consideration is
additionally important because the present method of
estimating abundance depends entirely on fishery in-
formation.

The present fraction of 0.2 is more amenable to
change. The simulations, which assume all catches are
accounted for in the harvest formula, indicate that a
higher fraction is likely to increase average yield up to
a maximum of about 29,000 MT/yr at a fraction of
0.28 (Figure 7). The sensitivity analysis showed that
the optimal fraction is strongly influenced by the
assumed model of compensation. However, for sim-
plicity the following discussion will consider only the
results of the best-fitting Ricker SRR, the case that
best corresponds to available information.

Strict maximization of yield is often undesirable
because the last increments in yield are achieved at the
cost of relatively large decreases in abundance and
correspondingly large increases in fishing effort. Of
course, if Pacific mackerel are perceived as pests, this
reduction in abundance may be desirable in its own
right. Assuming we wish to conserve the resource, a
popular rule of thumb is the “*Fy,”’ policy suggested
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TABLE 5
Yield and Biomass Statistics for Various Fractions,
Given a Cutoff of 18,144 MT (20,000 Short Tons), Based
on Simulations Using the Best-Fitting Ricker
Stock-Recruitment Model

Yield Biomass

Standard  Average  Average

Fraction  Average deviation total spawning
0.00 0.0 0.0 236 160
0.01 2.14 1.02 232 157
0.20 27.1 15.4 153 90
0.24 28.6 17.3 137 78
0.28 29.0 18.7 122 67
0.30 29.0 19.2 115 63
0.40 26.7 204 85 44

(Values in 1000 MT).

by Gulland and Boerema (1973), whereby fishing
effort should not be greater than the intensity at which
the marginal yield from an additional unit of effort is
ten percent of the marginal yield at very low levels of
fishing. For the present case of Pacific mackerel,
fraction may be substituted for ‘‘effort’’, giving a
fractiony , of 0.24. Table 5 gives some values of
fraction together with comparative statistics from the
simulation results. It is important that these yield esti-
mates assume that all catches are accounted for by the
harvest formula, whereas present management policy
ignores recreational catches, incidental catches during
the closed commercial season, and foreign fishery
catches—all of which add up to many thousand tons.
Thus the effective fraction must be considered to be
somewhat larger than the nominal fraction in the
wording of the official management policy. Finally,
the 40,000 MT harvests that have been taken from

1979 to 1984 must not be expected to continue for long
under the present, or any, management policy.
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AN INVERSE EGG PRODUCTION METHOD FOR DETERMINING
THE RELATIVE MAGNITUDE
OF PACIFIC SARDINE SPAWNING BIOMASS OFF CALIFORNIA

PATRICIA WOLF
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ABSTRACT

The California Department of Fish and Game is
required by state law to determine annually whether
the spawning biomass of the Pacific sardine (Sardi-
nops sagax) is more or less than 20,000 short tons'.
The sardine biomass appears to be increasing; how-
ever, the population level is too low to be reliably
estimated by existing techniques. An inverse egg pro-
duction method is proposed, to allow an objective
determination of the relative magnitude of the spawn-
ing biomass of Pacific sardines.

The normal egg production method estimates adult
biomass by measuring daily egg production in the
spawning area and specific fecundity of the popula-
tion. The inverse method estimates the area over
which a specified spawning biomass (20,000 tons)
would be assumed to occur. Components of egg pro-
duction and specific fecundity for sardines—including
average female weight, batch fecundity, spawning
fraction, and daily egg production rate—were esti-
mated from previous studies. A survey was designed
to cover the Southern California Bight and provide a
95% probability of encountering the calculated spawn-
ing area if the spawning biomass is at least 20,000
tons. Recommendations are made, based on possible
survey results.

RESUMEN

Por ley estatal, el Department of Fish and Game de
California debe determinar anualmente si la biomasa
de desove de la sardina del Pacifico (Sardinops sagax)
es menor o mayor que 20,000 toneladas cortas (1
tonelada corta = 0.907 toneladas métricas. La bioma-
sa de la sardina parece estar aumentando; sin embar-
go, el nivel poblacional es demasiado bajo para poder
ser evaluado fidedignamente mediante las técnicas
actuales. Se propone un método inverso de produccién
de huevos; éste posibilitara una determinacién objeti-
va de la magnitud relativa de la biomasa de desove de
la sardina del Pacifico. La técnica de produccién de

{Manuscript received February 15, 1985.]

'Commercial landings, biomass estimates (Murphy 1966), tonnages specified in
legislation, and tonnages in this paper are reported in short tons.
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huevos normal evalda la biomasa de los adultos me-
diante la medicién de la produccién diaria de huevos
en el drea de desove, y la fecundidad especifica de la
poblacién. El método inverso estima el drea en la cual
una biomasa de desove dada (20,000 toneladas)
supuestamente tendrd lugar. Sobre la base de estudios
previos se estimaron los componentes produccion de
huevos y fecundidad especifica para la sardina, inclu-
yendo el peso promedio de las hembras, fecundidad de
la puesta, fraccién desovante, y produccion diaria de
huevos. Se disenié un estudio para cubrir la Bahia del
Sur de California, ofreciendo un 95% de probabilidad
de localizar el area de desove calculada si la biomasa
del mismo es de, al menos, 20,000 toneladas. Sobre la
base de los posibles resultados del estudio se efectiian
las recomendaciones correspondientes.

INTRODUCTION

The Pacific sardine fishery increased dramatically
beginning in 1915 to a maximum catch of nearly
800,000 tons landed in the 1936-37 season. Annual
season catches fluctuated around 600,000 tons over
the next decade, and then declined steadily (Murphy
1966). The Pacific sardine population collapsed under
fishery and environmental pressure (Clark and Marr
1955) and declined from biomass levels estimated at
more than 3 million tons in the mid-1930s to levels
thought to be as low as 5,000 tons by the 1970s
(Murphy 1966; MacCall 1979; Smith 1972) (Figure 1).
California legislation enacted in 1974 (1) placed a
moratorium on fishing sardines while the biomass
remains below 20,000 tons, (2) allows a 1,000-ton
fishery for sardines when the spawning biomass
reaches 20,000 tons, and (3) requires the Department
of Fish and Game to determine annually whether this
biomass has been reached. The moratorium has re-
mained in effect because the spawning biomass has
been considered to be below 20,000 tons since 1974.

Signs of an increase in the Pacific sardine popula-
tion have been evident in recent years (Wolf?; Kling-
beil and Wolf 1984; Klingbeil 1981, 1982, 1983).
Although information currently available is indirect

2Wolf, P. MS. Status of the spawning biomass of the Pacific sardine, 1984-85.
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Figure 1. Time series of biomass estimates of adult Pacific sardines (fish age 2 years and older), 1932-65 (Murphy 1966; MacCall 1979). Dashed line denotes

20,000 tons.

and only indicates increases in the relative abundance
of sardines, it appears that the spawning biomass
could exceed 20,000 tons in the near future. Previous
biomass estimates for sardines off California were
based on analyses of catch data (Murphy 1966; Mac-
Call 1979) and larval censuses (Smith 1972). The egg
production method was developed by Parker (1980)
and has been used to estimate the spawning biomass of
anchovies off California (Picquelle and Hewitt 1983)
and anchovies and sardines off Peru (Santander et al.
1982). However, no known method of biomass esti-
mation is considered reliable at sardine biomass levels
below 100,000 tons (MacCall 1984b).

The egg production method estimates spawning
biomass as the quotient of the daily production of eggs
in the spawning area and the daily fecundity of the
population per ton of spawners (Parker 1980). The
proposed inverse egg production method estimates the
area over which the spawning products of a specified
adult biomass could be assumed to occur, given cer-
tain conditions of average female weight, batch
fecundity, spawning fraction, and daily egg produc-
tion rate. These parameters were estimated from pre-
vious studies. We have designed a survey to cover the
Southern California Bight and include the calculated

range of spawning area if the minimum 20,000 tons of
spawning biomass of Pacific sardine is present. Loca-
tion and extent of the survey area, and time of year of
the survey were determined from historical occur-
rences of sardine eggs and larvae during periods when
sardine biomass levels were near 20,000 tons.

EGG PRODUCTION METHOD
The egg production method derived by Parker

(1980) and applied by Picquelle and Hewitt (1983) and
Hewitt (1984) estimates spawning biomass as

B= P, A ,W

RFS

where B = spawning biomass (MT)
P, = daily egg production, number of eggs
produced per 0.05 meter?,
W = average weight of mature females
(grams),
R = sex ratio, fraction of population that is
female, by weight (grams),
F = batch fecundity, number of eggs
spawned per mature female per batch,
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Figure 2. Exponential mortality model for estimating daily egg produc-
tion rate of anchovies (Engraulis ringens) and sardines (Sardinops
sagax sagax) off Peru (Smith, P.E., H. Santander, J. Alheit. MS. Com-

parison of the mortality and dispersal of sardine [Sardinops sagax
sagax] and anchovy [Engraulis ringens] eggs off Peru.)

S = fraction of mature females spawning per
day,

A = total area of survey (0.05 meter?), and

k = conversion factor from grams to metric
tons.

INVERSE EGG PRODUCTION METHOD

In the egg production method, the parameters of
daily egg production and population fecundity are
estimated by measurements collected over the dura-
tion of the survey. The parameter P, is estimated by
fitting an exponential mortality curve to counts of
aged eggs collected in plankton samples and extrapo-
lating 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 inverse egg production method, the spawning
biomass was specified and the equation solved for A:
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Figure 3. Exponential mortality modei for estimating daily egg produc-
tion rate of anchovies (Engraulis mordax) 1980-84, using CalVET nets,
and sardines (Sardinops sagax), 1951-59, using oblique (CalBOBL)
tows, off California.

TR KW

where A, = spawning area of biomass B, in nautical
miles?,
B, = spawning biomass, in short tons,
k; = conversion factor from grams to short
tons,
m = conversion factor from 0.05 meter’ to
nautical miles?.

We propose this inverse egg production method as a
preliminary, relatively inexpensive technique for iden-
tifying whether the spawning biomass has exceeded a
specified level. The parameters for sardines are esti-
mated from previous studies, rather than measured
during the survey. Where no reliable parameter values
are available, we use a range of values.
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TABLE 1
Values of Parameters Used to Estimate Spawning Area, and Resulting Estimates

B, W R F

P() \) Al

Spawning biomass Average female Sex ratio

Batch fecundity

Spawning fraction

Egg production  (spawning females/ Spawning area

(short tons) weight (g) (females/total)  (eggs/batch/female)  (eggs/.05m’-day) total females) (nautical miles?’)

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

0.10 706

0.15 1058

1.5 0.02 470

0.05 1176

0.10 2352

0.15 3528

Parameters P,, W, F, S, and R

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 (Figure 2). Applying this relationship to 1980-84
annual estimates (Hewitt 1984) of daily egg produc-
tion rate for anchovies (approximately 10 eggs/
0.05m?) off California (Figure 3) results in an esti-
mated sardine daily egg production rate of approxi-
mately 5 eggs/0.05m?. CalCOFI egg surveys conducted
from 1951 through 1959 yielded an estimated Califor-
nia sardine daily egg production rate of approximately
1.5 eggs/0.05m* (Figure 3). This value is thought to be
low because of the sampling technique (oblique tows
instead of vertical egg tows), which may have over-
estimated the surface area of water sampled. Both
tentative values of P, were used in the inverse egg
production method. The parameter W, average weight
of mature females, is estimated to be 120 grams (Mac-
Gregor 1957). The female fraction of the population
by weight, R, is assumed to be one-half. Batch
fecundity, F, is estimated at 32,000 eggs (MacGregor
1957). Spawning fraction, S, for other pelagic species
ranges from (.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 Mace-
wicz 1980). This range of values for § was used for
sardines. Setting biomass, B;, at 20,000 tons, and
using the parameters described above, we calculated a
range of values for the spawning area, A| (Table 1).

Spawning Area
The calculated area, A, over which the spawning
products of 20,000 tons of Pacific sardines could be

*Smith, P.E., H. Santander, J. Alheit. MS. Comparison of the mortality and dispersal
of sardine (Sardinops sagax sagax) and anchovy (Engraulis ringens) eggs off Peru.

expected to occur ranges from 141 to 1,058 nm’ for a
high daily egg production rate of 5 eggs/0.05m’, and
from 470 to 3,525 nm’ for a low daily egg production
rate of 1.5 eggs/0.05m> (Table 1). Based on these
results, a useful estimate of A; is 500 nm?.

PROPOSED SURVEY

We examined historical CalCOFI egg and larval
survey data to determine the area and time of year over
which sardine spawning would be likely to occur.
Mean number of eggs/10m* and larvae/10m’* in Cal-
COFI regions 7 and 8 from 1954 to 1960 plotted by
station and by month (Figure 4) indicate that sardine
spawning occurs in the Southern California Bight
from April through June. CalCOFI ichthyoplankton
surveys during 1981 and 1984 showed evidence of
sardine spawning in this area, primarily in coastal
locations (Figure 5) from April through June. Brewer
and Smith (1982) reported spring occurrences of sar-
dine larvae in nearshore areas of the Southern Califor-
nia Bight from 1978 to 1980, including a relatively
high occurrence of larvae in the late summer and fall
of 1980. ,

We have designed a survey that covers CalCOFI
regions 7 and 8 (CalCOFI lines 80-97, stations .20-
.65) during May. CalCOFI regions 7 and 8 cover an
area of approximately 32,000 nm? (Smith et al. 1976).
The critical spawning area, A, estimated at 500 nm’,
is approximately 2% of the survey area. Using a table
for determining confidence limits of a proportion
(Natrella 1963), we determined a sample size of 374
CalVET samples (vertical egg tows) to be the mini-
mum effort required to locate the spawning area with-
in the survey area, with 95% confidence limits. For
convenience, current practices for anchovy egg pro-
duction cruises were adapted for the sardine spawning
area survey. These samples are 4 nm apart offshore
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Figure 4. Occurrence of sardine eggs and larvae in CalCOFI regions
7 and 8, 1954-60, by month and by station.

and 10 nm apart alongshore for an area representative
of 40 nm*. The projected area of 500 nm’ is therefore
expected to contain 12 or 13 positive stations for
20,000 tons spawning biomass. If no positive stations
result, the spawning biomass may be considered to be
below 20,000 tons. Positive stations occurring over an
area of 500 nm’ would indicate that the spawning
biomass of Pacific sardines is at least 20,000 tons.
This proposed survey (Figure 6) is scheduled to be
conducted in May 1985.

DISCUSSION

Indirect or incidental evidence of the relative
abundance of sardines is adequate information for
determining whether the spawning biomass is more or
less than 20,000 tons only while biomass levels
obviously remain very low. No estimation techniques
are reliable at biomass levels as low as 20,000 tons.
The proposed inverse egg production method allows
an objective determination of the relative magnitude
of the spawning biomass of Pacific sardines as re-
quired by state law.

The large range of values calculated for A; (the
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spawning area) 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. The low estimate for P,
was based on California data, which were collected
using an oblique tow instead of the vertical egg tow
designed specifically for use in the egg production
method®. The high estimate of P, depends on the
relationship between egg production rate of anchovies
and sardines off Peru, a relationship that has not been
demonstrated for sardines off California. Daily egg
production rate and spawning rate must be determined
for Pacific sardines. The remaining adult parameters
must be recalculated for the current California popula-
tion of sardines as well.

The area parameter of the egg production method
was chosen as the first indicator of population recov-
ery because under the conditions of small numbers of
positive samples it is the most reliable indicator of
spawning biomass (Smith and Hewitt 1984; Smith
1973). The estimated rate of egg production is in-
herently the most variable (Parker 1980). The reasons
for this are that the eggs are spawned in dense patches;
the dispersion rate is quite slow; and rate of production
is estimated from the extrapolation of an exponential
mortality curve based on a small number of days of
spawning. Although this approach may be useful
when there are hundreds of positive samples, the re-
sults are not reliable with the few positive samples
predicted for the initial years of the sardine population
recovery. A simulation model of the sampling process
including the initial patchiness, the historical mortality
rate, and the number of observations within the
spawning habitat illustrates these points (Table 2).
The upper part of the table demonstrates the need for
hundreds of samples to obtain a useful egg production
rate; the lower part of the table establishes the small
number of observations necessary to obtain a precise
estimate of spawning habitat.

The first step in managing a resurgence of sardines
is detecting the onset of recovery. It is recommended
that Pacific sardines be surveyed annually to determine
when the biomass exceeds 20,000 tons. The second
management step will require measuring the extent of
recovery. Several techniques of abundance estimation
may be successfully applied to sardines, including the
egg production method, acoustic surveys, larval cen-
sus, systematic aerial surveys, or combinations of
these (MacCall 1984b). Selection or development of
methods will depend on management goals, perform-
ance of the resource in recovery, and fishery develop-

*Smith, P.E., W. Flerx, and R. Hewitt. MS. The CalCOFI vertical egg tow (CalVET)
net.
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TABLE 2
Simulation of a 20,000-Ton Spawning Biomass of Pacific Sardine Based on Historical Samples

Number of observations within spawning area

i 5 10 20 50 100 200 500 1000
Estimated biomass
(X 10° tons)
< 0 18 8

0- 2 36 8 7 3

2 - 14 18 42 38 37 30 18 18 1

14 - 26 8 27 25 27 48 64 67 96 100

26 - 38 8 6 10 18 21 18 15 3

38 — 50 2 2 11 6 1

50 - 62 1 3 5 6

62 - 74 2 1 4 1

74 — 86 0 0 0 1

86 + 7 3

Number of observations within spawning area
1 5 10 20 50 100 200 500 1000

Probability
of zero eggs
One-day-old .70 .35 .09 .01 0 0 0 0
Two-day-old .59 .27 .03 .01 0 0 0 0 0
Three-day-old 53 A2 .01 .01 0 0 0 0 0
Joint probability .22 .01 0 0 0 0 0 0 0

Simulation based on Ab (0.375 days), Bb (1.375 days), Cb (2.375) (Smith 1973), negative binomial factors (m,k) Ab (4.47, .093),
Bb (3.31, .179), Cb (2.45, .274), and habitat egg production parameters of 5 eggs per unit observation and instantaneous mortality rate of

0.3/day.

sardine egg data were entered and edited by Cindy
Meyer and Celeste Santos.
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CHLOROSCOMBRUS ORQUETA, CARANX CABALLUS, AND CARANX SEXFASCIATUS
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ABSTRACT

Larvae are described for four species of jacks, fami-
ly Carangidae. Three of these, Seriola lalandi (Cali-
fornia yellowtail), Chloroscombrus orqueta, and
Caranx caballus, occur in the CalCOFI region. A
fourth species, Caranx sexfasciatus, occurs from
Mazatlan, Mexico, to Panama. Species are distin-
guished by a combination of morphological, pigmen-
tary, and meristic characters. Larval body morphs
range from slender S. lalandi, with a relatively elon-
gate gut, to deep-bodied C. sexfasciatus, with a
triangular gut mass. Pigmentation patterns are charac-
teristic for early stages of each species, but all except
C. orqueta become heavily pigmented in late stages of
development.

RESUMEN

Se describen las larvas de 4 especies de cardngidos
(Carangidae). Tres de ellas, Seriola lalandi (jurel),
Chloroscombrus orqueta,y Caranx caballus se encuen-
tran en la regién de la CalCOFI. La cuarta especie,
Caranx sexfasciatus, se encuentra desde Mazatlan,
México, hasta Panama. Las especies se distinguen por
una combinacién de rasgos morfoldgicos, pigmenta-
rios, y meristicos. Los Tipos de larva varian desde
delgados, como S. lalandi, son visceras relativamente
elongadas, hasta altos, como C. sexfasciatus, con una
masa visceral triangular. Los patrones de pigmentacion
son caracteristicos para los estadios tempranos de cada
especie, pero todos, excepto C. orqueta, se vuelven
fuertemente pigmentadas en los estadios de desarrollo
tardios.

INTRODUCTION

Numerous species of carangid fishes occur in the
eastern Pacific, but with the exception of jack mack-
erel (Trachurus symmetricus), these species spawn in
tropical or subtropical waters. Few species spawn far
enough north to occur in the CalCOFI sampling re-
gion. One species, the California yellowtail, Seriola
lalandi, supports an important recreational fishery off

[Manuscript received March 8, 1985.]

southern California and Baja California, and it briefly
supported a commercial fishery during the 1950s
(MacCall et al. 1976). Larvae of Seriola species from
other regions of the world have been described (see
literature review in Laroche et al. 1984), but larvae of
eastern Pacific Seriola lalandi have not previously
been described'. This paper also describes larvae of
two other carangids, Chloroscombrus orqueta and
Caranx caballus, occurring in the CalCOFI region,
and a third carangid, Caranx sexfasciatus, which
occurs to the south.

MATERIALS AND METHODS

Larvae used in this work were obtained from var-
ious plankton collections made in the eastern tropical
Pacific, including those of CalCOFI, EASTROPAC,
the Inter-American Tropical Tuna Commission,
Bureau of Sport Fisheries and Wildlife, and Scripps
Tuna Oceanography cruises. In addition, specimens of
Chloroscombrus orqueta, dipnetted near San Carlos
Bay in the Gulf of California, were provided by
Robert Behrstock, formerly of Humboldt State Uni-
versity. Several small larval Seriola lalandi reared at
the Southwest Fisheries Center’s La Jolla laboratory
were also examined.

Developmental series were assembled for each spe-
cies, and morphological and pigmentation changes
were described using the methods and terminology of
Moser and Ahlstrom (1970) and Ahlstrom et al.
(1976). Body lengths given in the text and tables
represent notochord length in preflexion- and flexion-
stage larvae, and standard length in postflexion larvae
and juveniles. Descriptions of fin formation were lim-
ited by the condition of the specimens, because many
had become decalcified in preservative over prolonged
storage. A limited number of specimens were success-
fully stained, allowing observation of meristic charac-
ters and head spination.

'Seven of the illustrations in this paper originally were included in a manuscript by
E.H. Ahlstrom and B.Y. Sumida entitled **Early life history studies of eastern Pacific
carangids.”” This manuscript was prepared for a symposium held in Ensenada,
Mexico, in February 1975, the proceedings of which were not published. The
manuscript is a general summary of some ontogenetic and adult taxonomic characters
of nine carangid genera that occur in the eastern Pacific. It is now available as
Southwest Fisheries Center Administrative Report LJ-85-02.
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TABLE 1
Comparative Morphometry of Five Species of Carangid Larvae

Snout-anus length
Body length

Head length
Body length

Eye diameter
Head length

Snout length
Head length

Body depth
Body length

Seriola lalandi
A

B
C
D

Trachurus symmetricus

o 0Ow >

Chloroscombrus orqueta
A

C
D

Caranx caballus
A
C
D
Caranx sexfasciatus
A

B
C
D

*59.6 *1.34(58-61)
61.5 +0.58(61-62)
63.8 *1.68(62-66)
60

56.6 (54-58)
59.3 (58-61)
58.0 (55-60)
54.0

57.3 £2.31(56-60)
57.2 £0.96(56-58)
50.4 +3.36(44-55)
40.5 £2.12(39-42)

59.7 £1.53(58-61)
57.0 £2.00(55-59)
55.0 £1.76(52-58)
52

54.6 +1.14(53-56)
58.3 +1.53(57-60)
57.1 =3.81(51-62)
48.0 +2.83(46-50)

28.2 +1.30(27-30)
31.5 =1.00(30-32)
34.6 £1.40(32-36)
31

calculated from Ahlstromn & Ball (1954)
(Size categories were given equal weighting in calculating means; standard deviation not calculable from data as published.)

25.2 (17-32)
33.2 (30-35)
36.2 (35-38)
29.5 (28-31)

32.7 *2.52(30-35)
38.0 =0.82(37-39)
34.8 +£2.52(30-38)
30.5 £2.12(29-32)

34.3 +1.53(33-36)
35.0 =1.73(33-36)
35.9 £1.60(33-38)
36

32.0 +3.08(29-37)
35.3 +2.52(33-38)
37.6 *1.84(34-40)
32.5 £2.12(31-34)

31.0 =1.87(28-33)
30.8 =1.50(29-32)
30.7 +2.14(28-34)
32

41.6 (36-51)
35.8 (34-37)
34.0 (32-37)
32.0 (31-33)

31.7 £0.58(31-32)
36.0 +1.82(34-38)
36.4 £2.73(32-40)
33.0 £1.41(32-34)

28.3 +0.58(28-29)
33.0 £1.73(31-34)
34.8 +2.78(30-40)
35

31.6 +£2.30(28-34)
33.3 £2.08(31-35)
34.8 +1.69(33-38)
33.5 £2.12(32-35)

30.2 +=2.28(28-33)
30.5 =1.00(29-31)
27.1 £2.61(24-31)
26

No snout lengths
measured

30.7 £3.21(27-33)
28.0 =0.82(27-29)
25.8 +2.09(23-28)
28.0 =1.41(27-29)

29.3 £2.31(28-32)
27.0 =2.00(25-29)
25.1 +£3.48(21-32)
26

29.0 £2.34(27-33)
29.0 =1.73(27-30)
25.5 +2.88(20-28)
25.0 =1.41(24-26)

19.4 +0.55(19-20)
23.2 £2.06(21-26)
29.7 = 1.50(27-31)
29

214 (16-26)
26.7 (25-28)
27.4 (26-28)
245 (24-25)

35.0 +4.36(30-38)
41.5 £3.00(39-45)
43.4 +1.63(41-46)
42.0 £0.00(42)

34.3 £2.31(33-37)
42.0 +1.73(41-44)
43.9 +1.73(42-46)
39

35.4 £4.93(29-42)
50.3 £5.51(45-56)
53.2 +£2.20(49-57)
43.5 +3.54(41-46)

*Mean, standard deviation, and range expressed as percentage of body length or head length. A, preflexion; B, flexion; C, postflexion; D, juvenile.

DESCRIPTIONS

Seriola lalandi

Literature. Brownell (1979) illustrated an egg and
two reared yolk-sac larvae, which he tentatively iden-
tified as §. lalandi, from waters off South Africa. The
egg measured 1.44 mm in diameter with an oil globule
diameter of 0.32 mm.

Distinguishing features. Seriola lalandi larvae are
slender-bodied and heavily pigmented, lack a supraoc-
cipital crest, and develop the largest number of dorsal
fin rays (31-39) among eastern Pacific carangids. The
combination of these characters distinguishes S. lalan-
di from all other carangid larvae in the CalCOFI re-
gion except for larvae of Seriola rivoliana, which
co-occur with S. lalandi in the southernmost extent of
its range, and are presently undescribed.

Morphology and meristics. Early larvae of S. lalan-
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di are slender-bodied; body depth at the base of the
pectoral fin averages 19% to 23% in preflexion and
flexion stages, increasing to about 30% in postflexion
and juvenile stages (Table 1). Early stages of S. lalan-
di <10.0 mm are more slender than those of jack
mackerel (Trachurus symmetricus), in which body
depth ranges from 21% to 27% of body length (Table
1, Figure 1).

The gut is comparatively elongate; it increases in
length relative to total body length during the larval
period, then becomes relatively shorter in juveniles
(Tables 1 and 2; Figure 2). The slender gut of early §.
lalandi differs from the rounded mass found in Caranx
and Chloroscombrus, and from the intermediate robust
but somewhat elongate form in T. symmetricus.
The intestinal coil begins to form at the end of the yolk-
sac period at a position about one-fourth of the
cleithrum-anus distance. The’ posterior margin of the
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TABLE 2
Measurements (mm) of Seriola lalandi
Body depth
Body Snout-anus Head Eye Snout at pectoral

Station length length length diameter length fin base
6706-S-130.35 4.2 yolk-sac 2.2 0.52 0.26 0.10 0.36
5707-P-107.60 4.4 2.6 1.2 0.38 0.36 0.84
5708-B-113.35 5.2 3.0 1.4 0.46 0.40 1.0
6007-H-133.30 5.9 3.6 1.7 0.47 0.48 1.1
5707-P-107.60 6.1 3.7 1.8 0.56 0.60 1.2
6007-H-133.30 6.4 3.8 1.8 0.56 0.58 1.3
5909-B-133.25 6.6 4.0 2.1 0.64 0.66 1.5
5707-0-110.70 6.9 4.2 2.2 0.64 0.68 1.6
6007-H-133.30 7.2 4.5 2.2 0.70 0.64 1.5
6608-J-123.40 8.6 5.3 2.8 0.90 0.86 2.2
5608-B-130.45 8.9 5.6 3.1 0.92 0.92 2.4
7205-JD-130.80 9.8 6.5 35 1.1 0.88 3.0
Baja Calif. 10.9 7.2 3.8 1.3 1.0 3.2
8108-NH-106.7.45 13.7 8.8 4.9 1.6 1.2 4.2
6008-B-137.30 17.9 11.2 6.1 1.8 1.7 5.5
Mazatlan Proj. 20.0 12.9 6.8 1.9 2.1 6.1
Mazatlan Proj. 22.4 14.0 7.2 2.1 1.9 6.5
Cr. 79-DSJ 26.7 juv. 16.0 8.2 2.7 2.2 7.8

Specimens between dashed lines are undergoing notochord flexion.

loop extends posteriad gradually to reach about two-
thirds of the cleithrum-anus distance at the beginning
of notochord flexion. During this process the gut mass
becomes somewhat deeper, tapering posteriad, but
retains its elongate shape. By completion of notochord
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Figure 1. Regression of body depth at pectoral fin base on body length in
five species of carangid larvae.

flexion the loop has reached the rectum, about three-
fourths of the cleithrum-anus distance, and the entire
gut region has become covered by well-developed
body-wall musculature.

Relative head length increases gradually during lar-
val development (X = 28% of body length in preflex-
ion and 35% in postflexion stages) and decreases
slightly in early juveniles. Relative eye diameter
changes little during development, and relative snout
length decreases slightly.

Head spines develop on the following bones:
preopercle, frontal, posttemporal, and supracleithrum.
Two series of spines develop on the preopercle, one
along its posterior margin and one along a ridge just
anterior to the margin. The first spine forms at the
angle of the posterior margin at about 4.3 mm body
length. This becomes the largest preopercular spine,
its length reaching 9% of the body length at about
10 mm SL. At about 4.6 mm the first spine in the
anterior series forms on the ridge in a position directly
anterior to the angle spine of the posterior preopercu-
lar series.

Larvae about 5 mm long have developed two addi-
tional spines on the posterior margin of the preopercle,
one on either side of the angle spine. A second spine
forms on the ridge in association with the margin spine
below the angle. The spines on either side of the angle
spine are about one-half the length of the latter. Also
at this stage the frontal bone begins to project above
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Figure 2. Regression of snout-anus length on body length in five species
of carangid larvae.

the eye, forming a supraocular crest, which bears a
spine.

Larvae about 6 mm long have added a small spine
to each end of the preopercular margin series and
begin to develop a single spine on the posttemporal
and on the supracleithrum about midway between the
posttemporal spine and the pectoral fin base. Also, a
prominent longitudinal ridge is present on the pterotic
bone.

At the completion of notochord flexion (~8.6 mm),
an additional spine is present at each end of the
preopercular series, and two more posttemporal spines
have developed, one adjacent to the original spine and
the other anteroventral to them. At this stage the full
head-spine complement is present, and the spines re-
main prominent until about 13 mm SL, when most of
them begin to diminish in size. The two spines on the
preopercular ridge are the first to be lost, followed by
the outer spines of the preopercular margin series and
the supraocular spine. By 26 mm SL only the
preopercular spines near the angle are prominent.

Meristic counts of stained specimens are presented
in Table 3.

Pigmentation. Seriola lalandi is moderately pig-
mented in early stages, becoming heavily pigmented
during the larval period. Serial melanophores outline
the dorsal and ventral body margins of approximately
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80% of the length of the body in yolk-sac larvae
(Figure 3A-C). These melanophores become expanded
and prominent in the preflexion stage (~4.5 mm), ex-
tending anteriorly over the snout and posteriorly
around the tip of the tail. The melanophores along the
tail tip are minute, dispersing outwardly onto the
finfold of the developing caudal fin with ensuing
growth. Other pigmentation in preflexion larvae in-
cludes a lateral midline series on the body and a series
on the ventral midline along the isthmus in a con-
tinuum with melanophores below the gut (Figure 3D,
E). Pigmentation increases rapidly over much of the
head and body in early flexion larvae >6.6 mm, and
these areas become almost completely covered with
melanophores, except for the fin membranes and the
posteriormost portion of the body. In larvae =7.0 mm,
melanophores appear along the edge of the developing
dorsal and anal fin pterygiophores. The melanophore
pattern undergoes little change in postflexion larvae
except for augmented pigmentation on the dorsal,
anal, and pelvic fin membranes (Figure 4). By
14.0 mm, melanophores extend over most of the
caudal peduncle, which is completely pigmented by
18.0 mm.

The strongly banded pattern exhibited by juveniles
apparently forms rapidly, since it is lacking in a 22.4-
mm specimen but present in a 24.5-mm specimen
(Figure 4C).

Chloroscombrus orqueta

Literature. Larvae of Chloroscombrus orqueta have
not been described previously.

Distinguishing features. Early Chloroscombrus or-
queta larvae closely resemble some Caranx species in
body morph and pigmentation, but have a diagnostic
melanophore pattern on the dorsal body margin com-
posed of four melanophores positioned on myomeres
1, 3,9, and 14. Another feature is a small spine on the
pterotic bone in larvae 7.5-11.0 mm. Larvae of C.
orqueta also develop more dorsal and anal fin rays
(25-30 rays for each fin) than any other Caranx spe-
cies in the eastern Pacific.

Morphology and meristics. Chloroscombrus or-
queta larvae are deep-bodied, increasing in body
depth during all stages of larval development (Table 4;
Figure 1). Relative body depth averages 35% in pre-
flexion larvae, and about 42% in later stages (Table
1). Snout-anus distance is about 57% of body length in
preflexion and flexion larvae. This is similar to other
species described herein; however, in postflexion
stages and juveniles the terminal segment of the gut in
C. orqueta curves more anteriad, resulting in the
shortest mean snout-anus length among the species
discussed (Table 1; Figure 2). The gut loop is well
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TABLE 3
Meristics of Stained Seriola lalandi
Body
length Dorsal Anal Pectoral Caudal Pelvic

Station (mm) fin fin fin fin fin Branchiostegals
7808-VA-137.35 3.2 — — — — — _—
5707-B-120.75 3.9 — — — —_ — —
6907-G-117.50 4.1 — — — — — —
5609-B-120.45 4.3 — — — — — —
5707-0-110.70 4.6 — — — — — —
5408-C-130.45 4.9 — — — — — 4
5807-93.50 5.2 — — — — — —
6007-H-133.30 5.6 — — — — — 4
5707-P-110.55 5.7 — — — 0+1+1+0 — 6
5906-0-123.60 6.0 — — — 0+1+1+0 — 7
5408-C-117.35 6.3 — — — 0+2+2+0 — 7
5707-0-110.70 6.9 10 12 6 0+6+5+0 — 7
6007-H-133.30 7.2 16 7 7 0+6+5+0 — 7
6608-J-123.40 8.6 VIL,27 1+1,16 13 1+9+8+1 — 7
7205-J-130.80 9.8 V1,36 II+1,21 14 4+9+8+4 1,4 7
Off Baja Calif. 10.9 VII+1,35 Im+1,21 19 5+9+8+5 L5 7
8108-NH-106.7.45 13.7 VII+1,34 m+1,21 20 9+9+8+9 I,5 7
6008-B-137.30 17.9 VII+1,33 I+1,20 21 124+9+8+12 L5 7
Mazatlan proj.,

6-3-S 20.0 VII+1,36 n+1,22 21 124+9+8+12 L5 7
RV/DSJ Cr. 79 26.7 juv. VII+1L31 nm+1,21 22 10+9+8+10 L5 7

Specimens between dashed lines are undergoing notochord flexion.

formed in our smallest larvae (2.7 mm), and the pos-
terior edge of the loop extends to about 60% of the
cleithrum-anus distance. During this stage the gut
mass lies in a longitudinal plane. By 3 mm, the
ascending portion of the loop extends above the gut
mass, and the rectal portion descends ventroposteriad
at about a 45° angle. The loop portion increases in
diameter and in relative mass and occupies most of the
perivisceral cavity by about 4.0 mm. At this stage the
rectal portion is oriented vertically and curves around
the posterior edge of the coil. The gut and the promi-
nent gas bladder above it form a triangular mass with
sides of about equal length. The gut mass becomes
more rounded with continued development, and by
8.0 mm the body-wall musculature is well developed.

Relative head length increases during preflexion
and flexion stages (X = 33%-38% of body length), but

decreases (X = 35%-30%) thereafter. Relative eye
diameter increases during larval development and de-
creases slightly in juveniles. Relative snout length
decreases in progressive larval stages but increases
slightly in the juvenile stage (Tables 1 and 4).

Head spines develop on the following bones: pre-
opercle, frontal, posttemporal, supracleithrum, and
pterotic. Small larvae (2.7 mm) bear a large spine at
the angle of the preopercular margin and three smaller
spines below the angle. By 3.0 mm, larvae have two
more spines above the angle. Larvae >3 mm have a
fourth and fifth spine below the angle and a third spine
above the angle. By 4 mm, a sixth spine is added
below the angle and a fourth above the angle. By 5
mm, larvae have a fifth spine above the angle. Larvae
larger than 8.0 mm have 8-10 spines below the angle
and 6-7 above the angle. The angle spine reaches a
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Figure 3. Early larvae of Seriola lalandi: A, 2.8 mm; B, 3.8 mm; C, 3.8 mm; D, 3.5 mm; E, 4.6 mm.
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Figure 4. Larvae and early juvenile of Seriola lalandi: A, 7.0 mm; B, 11.7 mm; C, 24.5-mm juvenile.

maximum relative length of about 15% of the body
length in 3-mm larvae, is reduced to 8%-11% of body
length in 4-7-mm larvae, and then decreases abruptly
in relative size. The spines above and below the angle
spine are about one-half its length, and the others
decrease in size gradually toward each end of the
series. The uppermost margin spines begin to dis-
appear at about 13 mm; by 16 mm only the spine
adjacent to the angle remains in the upper series.
Specimens larger than 20 mm retain only the angle
spine.

Larvae <<3.0 mm have 4 small spines on the lower
part of the preopercular ridge. These spines increase in

number to a maximum of 9-11 on the lower limb and
3-4 on the upper limb of the ridge in 6-11-mm larvae.
Thereafter they decrease in number and are absent by
15 mm.

By about 3.0 mm, larvae have single spines on the
posttemporal, supracleithrum, and on the supraocular
shelf (frontal bone). Additional posttemporal spines
appear by 5 mm, and in larvae >6.6 mm there are 4
spines arranged in an arc on the lower region of the
bone. Larvae 27.0 mm form additional supracleithral
spines, and larvae >8.0 mm have 4 spines arranged in
a vertical series on the upper region of the bone.
Larvae 8-11 mm in length have a maximum of 9-11
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TABLE 4
Measurements (mm) of Chloroscombrus orqueta
Body depth
Body Snout-anus Head Eye Snout at pectoral
Station length length length diameter length fin base
B-5608-137.23 2.7 1.5 0.80 0.26 0.26 0.82
B-5608-137.23 3.0 1.8 0.98 0.30 0.32 1.1
B-5608-137.23 34 1.9 1.2 0.38 0.32 1.3
ETP 13.019 3.7 2.1 1.4 0.54 0.38 1.6
ETP 13.019 4.0 2.3 1.5 0.56 0.44 1.8
TO 59-1 #46 4.1 24 1.6 0.54 0.44 1.6
TO 59-1 #46 4.6 2.6 1.7 0.60 0.48 1.8
ETP 13.019 5.1 2.7 1.8 0.70 0.48 2.1
ETP 13.019 5.3 2.9 2.0 0.72 0.54 22
ETP 13.019 59 3.2 22 0.76 0.60 2.5
TO 59-1 #46 6.6 33 2.3 0.84 0.64 2.8
TO 59-1 #35 7.2 3.6 2.4 0.92 0.60 3.1
TO 59-1 #35 8.0 4.2 2.9 1.0 0.66 3.6
ETP 13.021 8.3 43 3.1 1.0 0.72 3.6
ETP 13.019 9.8 5.0 3.5 1.2 1.0 4.2
RAB S-14 11.4 5.5 4.0 1.6 1.0 52
ETP 13.019 13.4 6.2 4.0 1.5 1.1 6.0
RAB 71-1II (a,b) 15.2 6.7 4.7 1.9 1.1 6.8
Rab S-14 23.5 juv. 9.8 7.5 2.4 22 9.8
RAB §-2 29.7 juv. 11.5 8.6 2.9 23 12.4

Specimens between dashed lines are undergoing notochord flexion.

spines on the supraocular shelf. Specimens >15 mm
lack supraocular spines, and the posttemporal and
supracleithral spines become obsolescent at about the
same stage.

Small larvae <3.0 mm possess a supraoccipital
crest with a scalloped margin. By about 3.0 mm it has
developed to its maximum relative size, extends from
the midregion of the optic lobes to the second myo-
septum, and has formed 10-12 rounded projections.
By about 8.0 mm it is much reduced in size and is
restricted to the occipital region, and is lost by
13.0 mm.

A small spine-bearing ridge develops on the pterotic
bone at about 7.5 mm. A maximum of two spines
appear on the ridge. The ridge is absent in specimens
larger than 11.0 mm.

Meristic counts of stained material are presented in
Table 5.

Pigmentation. Chloroscombrus larvae are lightly
pigmented and resemble larvae of some Caranx spe-
cies; however, they may be distinguished by charac-
ters discussed below. Pigmentation on preflexion and
flexion larvae (~2.6-4.6 mm) is found in the follow-
ing areas: (1) head—region of the midbrain and jaws;
(2) abdomen—over the gas bladder, dorsally over the
free portion of the gut terminus, ventrally on the gut

146

wall, and along the margin of the preanal finfold; (3)
body—dorsally and ventrally on the body margin,
along the lateral midline, internally above the
notochord medial to the midline pigment, and a mela-
nophore or two below the developing caudal fin (Fig-
ure 5A-C). This is a typical pattern for many early
carangid larvae, but a diagnostic melanophore pattern
for preflexion and early flexion C. orqueta is the
dorsal body margin pigment consisting of four mela-
nophores positioned over myomeres 1, 3, 9, and 14
(Figure SA, B). This character occurs in other Chlo-
roscombrus species—C. cosmopolita in the eastern
Atlantic (Aboussouan 1968) and C. chrysurus in the
western Atlantic and Gulf of Mexico’.

Pigmentation gradually increases in postflexion lar-
vae (>5.0 mm), particularly in the head and trunk
region (Figures 5D and 6A). Melanophores along the
dorsal body margin increase in number to form a
continuous dashed line of pigment by 7.2 mm.
Myoseptal pigmentation on the ventral surface of the
body is first evident at about 5.0 mm (Figure 5D),
positioned below the lateral midline streak; internal

Laroche, W.A., D. Ruple, and S.L. Richardson. MS. Young carangid fishes
from the Gulf of Mexico: a generic diagnosis of larvae, with additional descrip-
tive notes including early development of three species. Gulf Coast Research
Lab., Ocean Springs, MS 39564.
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TABLE 5
Meristics of Stained Chloroscombrus orqueta
Body
. length Dorsal Anal Pectoral Caudal Pelvic

Station (mm) fin fin fin fin. - fin Branchiostegals
5608-B-137.23 2.7 — — — — — 6
Cabo Blanco,
Costa Rica

10 miS 2.9 — — — — — 6
5608-B-137.23 3.0 —_— — — — — 7
P-42-130.30 3.2 anlagen anlagen — — — 7
5608-B-137.23 34 anlagen anlagen — 0+2+2+0 — 7
P-42-130.30 3.7 anlagen anlagen — 0+4+4+0 — 7
ETP 13.019 4.0 VII+1,11 nm+IL16 5 0+8+7+0 — 7
ETP 13.019 4.3 VII+1,18 n+1,18 7 0+8+7+0 — 7
ETP 13.019 4.5 VIII +1,22 H+1,23 10 2+9+8+2 — 7
ETP 13.019 5.1 VI +1,23 I+1,20 12 2+9+8+2 — 7
ETP 13.019 5.6 VIHI+1,22 m+1,22 12 24+9+8+2 — 7
TO 59-1 #46 5.9 VIII +1,26 m+125 15 3+9+8+3 1,2 7
TO 59-1 #46 6.6 VIII +1,26 m+1,25 14 4+9+8+4 1,2 7
ETP 60.295 7.5 VIII +1,28 M+1,28 20 6+9+8+6 1,3 7
TO 59-1 #35 7.7 VIII +1,26 M+1,25 19 7+9+8+7 L4 7
TO 59-1 #35 8.0 VIII +1,26 m+1,25 20 6+9+8+6 1,4 7
ETP 13.021 8.3 VI +1,27 I+1,26 20 8+9+8+8 L5 7
Cabo Blanco,
Costa Rica

10 miS 8.7 VII+1,27 Im+1,28 20 9+9+8+9 LS 7
RABMEX §-13 9.5 VI +1,28 II+1,28 21 9+9+8+9 L5 7
RABMEX 71

I (a,b) 10.2 VIII+1,28 1I+1,27 20 9+9+8+9 LS5 7
RABMEX S-14 11.0 VIII +1,27 M+1,26 20 9+9+8+9 L5 7
RABMEX §-14 12.2 VII+1,28 II+1,26 21 10+9+8+10 LS 7
RABMEX §-13 13.2 VIII+1,28 I+1,26 21 9+9+8+9 L5 7
RABMEX 71

I (a,b) 15.2 VIII +1,28 n+1,29 20 10+9+8+9 L5 7
RABMEX S-10 15.7 VIII +1,28 I+1,27 21 9+9+8+9 L5 7
RABMEX S-14 23.5 VIII+1,28 II+1,26 20 9+9+8+9 L5 7
RABMEX §-2 29.7 VIII+1,28 II+1,28 20 9+9+8+9 L5 7

Specimens between dashed lines are undergoing notochord flexion.
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Figure 5. Larvae of Chloroscombrus orqueta: A, 2.7 mm; B, 2.9 mm; C, 3.7 mm; D, 5.1 mm.
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Figure 6. Postfiexion larva and early juvenile of Chloroscombrus orqueta: A, 10.2 mm; B, 23.5-mm juvenile.

pigmentation above the spinal column also develops at
this time, but is obscured by overlying body muscula-
ture. Myoseptal pigmentation on the dorsal surface of
the body as well as melanophores in the shoulder
region appear later, at about 7.2 mm.

By the early juvenile stage (~23.5 mm; Figure
6B), pigmentation is confined to the dorsolateral half
of the head and body region, and remains sparse or
lacking on the ventrolateral half. Fin pigmentation
initially develops on the anal and caudal fins by about
10.0 mm, and concentrates on the musculature over-
lying the pterygiophores of the dorsal and anal fins
and on the distal margins of the dorsal, anal, and
caudal fins in early juvenile stages (Figure 6A, B).
The pectoral fins lack pigment throughout the larval
and juvenile period.

Caranx caballus

Literature. Larvae of Caranx caballus have not
been previously described.

Distinguishing features. Caranx caballus larvae are
distinguishable by their pigmentation pattern and
meristic count of 25 vertebrae. The body morph of
early larvae resembles that of Chloroscombrus orque-
ta; however, differences in pigmentation, particularly
on the dorsal body margin, differentiate the species.
Small Caranx caballus (to ~4.0 mm) possess oppos-
ing dorsal, lateral, and ventral pigmentation streaks on
the body and lack the four characteristic melanophores
on the dorsal body margin of early Chloroscombrus
orqueta larvae.

Morphology and meristics. Relative body propor-
tions of Caranx caballus larvae are similar to those of
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TABLE 6
Measurements (mm) of Caranx caballus
Body depth
Body Snout-anus Head Eye Snout at pectoral

Station length length length diameter length fin base
ETP 46.135 3.0 1.8 1.0 0.28 0.32 1.0
ETP 46.135 3.6 22 1.3 0.36 0.36 1.2
Cabo Blanco,
Costa Rica 3.8 2.2 1.3 0.38 0.36 1.4
Cabo Blanco,
Costa Rica 3.9 2.3 1.4 0.44 0.38 1.7

" " 4.4 2.5 1.6 0.54 0.40 1.8
TO 59-1
#38 surf. 4.9 2.7 1.6 0.54 0.46 2.0
Cabo Blanco,
Costa Rica 5.0 2.7 1.7 0.56 0.46 2.1

" " 5.4 3.0 2.0 0.60 0.64 2.3
Mazatlan 8,
Sta. 6 6.3 3.5 2.2 0.76 0.64 2.8
ETP 47.040 7.8 4.4 29 1.0 0.68 3.6
67-2, N19 9.3 5.2 3.4 1.2 0.72 4.2
67-2, N19 10.9 6.0 4.2 1.5 1.0 5.0
ETP 47.019 11.7 6.8 4.3 1.4 1.1 5.4
67-2, N19 13.2 7.2 4.8 1.7 1.2 5.7
67-2, N50 16.7 8.9 5.5 2.2 1.2 - 7.0
67-2, N50 18.4 9.5 6.4 2.4 1.4 7.7
RABMEX S-13 21.7 juv. 11.4 7.7 2.7 2.0 8.5

Specimens between dashed lines are undergoing notochord flexion.

Chloroscombrus orqueta at equivalent stages of de-
velopment (Tables 1 and 6). Larvae are deep-bodied
(Figure 1); relative body depth increases throughout
the larval period and decreases slightly in juveniles.
Relative snout-anus distance decreases throughout the
larval period. Gut development is similar to that de-
scribed for C. orqueta. Relative head length and eye
diameter increase during the larval period, while rela-
tive snout length decreases.

Spines develop on the preopercle, posttemporal,
and supracleithrum. By 3.0 mm, larvae have a large
spine at the angle, three below the angle, and one
above the angle on the preopercular margin. Larvae
5-6 mm have up to 5 spines below the angle, 7-17-mm
larvae have 6-7 spines, and 18-24-mm larvae have 8-9
spines below the angle. The number of spines above
the angle increases to about 2 in 4-mm larvae, 4 in
5-8-mm larvae, and 5-6 in larger larvae. The angle
spine is relatively largest in 3-mm larvae (10% of
body length) and becomes relatively smaller gradually
in later larval stages. Larvae =3.0 mm develop 3
spines below the angle of the preopercular ridge, and
4-8-mm larvae have 5 spines. Larvae 3-8 mm have
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only a single spine above the angle. Larvae larger than
8 mm resorb all preopercular ridge spines.

By 3 mm, larvae form a single posttemporal and a
supracleithral spine, and develop no additional post-
temporal spines; however, by 5.0 mm, a second su-
pracleithral spine appears. Larvae lose both types of
spines at about 10 mm:.

By 3 mm a supraoccipital crest is present. It ex-
tends from the midregion of the optic lobes to the
second myoseptum and has wide irregular serrations.
After notochord flexion it is restricted to the occipital
region and is absent in larvae larger than 8.0 mm.
Postflexion larvae develop a supraocular shelf and
pterotic ridge, but they do not develop spines.

Table 7 provides meristic counts of stained spec-
imens.

Pigmentation. Pigmentation on C. caballus larvae
is sparse in early stages, with a generalized pattern of
opposing dorsal, lateral, and ventral streaks on the
body, and melanophores on the top of the head and
over the abdominal region (Figure 7). Preflexion and
flexion larvae are characterized by a few mela-
nophores in the ventral region of the gut. These mela-



SUMIDA ET AL.: CALIFORNIA YELLOWTAIL AND OTHER CARANGID LARVAE
CalCOFI Rep., Vol. XXVI, 1985

Vs

\ \
LA \\‘ \

\

Figure 7. Larvae of Caranx caballus: A, 2.3 mm; B, 3.6 mm; C, 3.9 mm; D, 44 mm.
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TABLE 7
Meristics of Stained Caranx caballus
Body
length Dorsal Anal Pectoral Caudal Pelvic

Station (mm) fin fin fin fin fin Branchiostegals
ETP 46.135 3.0 — — — — — 5
TO 58-1

#59 4.0 V,13 I+I1,10 — 0+4+4+0 — 7

#59 4.2 anlagen anlagen — 0+5+5+0 — 7
Cabo Blanco,
Costa Rica 4.4 VIII +1,20 n+1,14 9 24+9+8+2 | 7
Cabo Blanco,
Costa Rica 5.0 VIII+1,21 m+1,19 13 349+8+42 1,4 7
67-2 #19 6.2 VIII+1,21 M+1,18 16 4+9+8+5 1,5 7
Cabo Blanco,
Costa Rica 6.7 VHI+1,23 I+1,19 17 549+8+5 I,5 7
Cabo Blanco,
Costa Rica 7.7 VI +1,22 m+1,20 20 6+9+8+6 1,5 7
67-1, N-22 8.6 VIII+1,22 M+1,19 20 8+9+8+8 1,5 7
67-2, #19 9.3 VI +1,22 Im+1,19 22 94+9+8+9 I,5 7
67-2, #19 10.9 VHI +1,22 II+1,19 22 9+9+8+9 1,5 7
ETP 47.019 11.7 VIII+1,23 II+1,20 22 9+9+8+9 1,5 7
67-1, N-2 13.0 VIIT+1,23 m+1,19 22 9+9+8+9 1,5 7
67-2, #27A 13.9 VIII+1,23 M+1,20 22 94+9+8+9 L5 7
ETP 14.014 16.9 VIII+1,23 n+1,19 22 9+9+8+9 I,5 7
67-2, N-50 18.4 VII+1,23 n+1,19 22 94+9+8+9 I,5 7
ETP 14.014 23.5 juv. VHI+1,24 II+1,20 22 9+9+8+9 1,5 7

Specimens between dashed lines are undergoing notochord flexion.

nophores are usually in an anterior, median, and pos-
terior (next to the anus) position along the ventral
margin of the gut area, with additional pigmenta-
tion along the upper section of the terminal segment of
the gut.

During notochord flexion (~3.9-4.9 mm), mela-
nophores become lightly scattered over the head and
body (Figures 7C, D and 8A) in contrast to the dense
pigmentation that covers all but the posterior sections
of the tail in postflexion specimens. Postflexion larvae
(6.3-8.5 mm) develop a cluster of pigment around the
lateral midline streak (Figure 8B), which is obscured
in later stages by heavy pigmentation over the trunk.
Beginning at about 13.0 mm, melanophores begin
forming in the middle of the caudal peduncle, and
subsequently spread to the margins of the peduncle.

Bars of pigmentation are first evident on the body in
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specimens about 17.0 mm long (Figure 8C), persist-
ing into the juvenile stage. Because of the heavy
background pigment over the entire surface of the
body, these bars are not as prominent as those in C.
sexfasciatus.

Fin pigmentation is heavy and conspicuous on the
fin membranes of the spinous dorsal, spinous portion
of the anal, and the pelvic fins in postflexion larvae
from about 10.5 mm through the juvenile stage.
Pigment first appears on the anal and pelvic fins by
about 5.5 mm and on the spinous dorsal fin by about
6.2 mm.

Caranx sexfasciatus

Literature. Larvae of Caranx sexfasciatus have not
been previously described.

Distinguishing features. A unique feature of
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Figure 8. Postflexion larvae of Caranx caballus: A, 49 mm; B, 8.4 mm; C, 17.0 mm.
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TABLE 8
Measurements (mm) of Caranx sexfasciatus
Body depth
Body Snout-anus Head Eye Snout at pectoral

Station length length length diameter length fin base
7205-JD
157G.150 2.6 1.4 0.76 0.24 0.22 0.76
ETP 13.019 3.0 1.6 0.90 0.30 0.24 1.0
7205-157G.150 3.1 1.7 1.0 0.34 0.28 1.1
7205-157G.150 34 1.9 1.1 0.34 0.36 1.3
TO 58-1 #69 3.8 2.1 1.4 0.40 0.40 1.6
ETP 13.019 4.0 2.3 1.4 0.44 0.42 2.0
Cabo Blanco,
Costa Rica 4.2 2.4 1.4 0.48 0.42 1.9
TO 59-1 #35 4.5 2.7 1.7 0.60 0.46 2.5
TO 58-1 #69 4.6 2.8 1.8 0.60 0.50 2.5
Mazatlan

5-14-0 4.8 2.8 1.7 0.60 0.46 2.5
Cabo Blanco,
Costa Rica 5.3 3.3 2.1 0.70 0.50 2.8
ETP 12.033 5.9 33 2.0 0.72 0.56 29
ETP 46.134 6.6 4.0 2.6 0.88 0.68 3.6
ETP 30.114 7.7 4.2 2.9 1.0 0.80 44
7205-G-157G.150 8.5 5.1 3.2 1.2 0.76 4.6
ETP 47.019 9.4 5.1 3.6 1.3 0.80 5.2
ETP 14.232 12.5 6.4 4.6 1.5 0.91 6.6
TO 5801 #141 15.4 8.4 5.8 2.1 1.6 7.8
SIO 64-140 22.8 juv. 11.4 7.7 2.5 2.0 10.5
67-2, N51 30.4 juv. 14.0 9.5 33 2.3 12.4

Specimens between dashed lines are undergoing notochord flexion.

Caranx sexfasciatus larvae is a conspicuously pig-
mented supraoccipital crest. All other described caran-
gid larvae with a supraoccipital crest lack pigment on
this structure. Another distinctive character in larvae
larger than about 3.4 mm is a preanal finfold that is
covered with pigment until resorption of the finfold at
about 10.0 mm. Larvae are considerably deep-bodied
following notochord flexion, and possess the smallest
number of anal fin rays (15-17) among Caranx species
in the eastern Pacific.

Morphology and meristics. Preflexion larvae of C.
sexfasciatus are of moderate body depth, but become
markedly deep-bodied in later stages (Tables 1 and 8;
Figure 1). Body depth averages 35% of body length in
preflexion larvae, but increases to over 50% of body
length in flexion and postflexion larvae, diminishing
to about 44% in early juveniles.

Relative gut length, head length, and eye diameter
increase slightly in the larval period, but diminish in
juveniles. Relative snout length remains constant at
about 29% in preflexion- and flexion-stage larvae,
decreasing to about 25% in postflexion larvae and

154

juveniles. Gut development is similar to that described
for C. orqueta.

As in C. caballus, spines develop on the preoper-
cle, posttemporal, and supracleithrum. Small larvae
<3 mm have a large spine at the angle of the
preopercular margin, 2 below the angle, and 1 above
the angle. Postflexion larvae up to about 8.5 mm
develop 4 spines below the angle; 9-12-mm larvae
have 5 spines; and specimens larger than 13 mm have
6 spines. The number above the angle increases to 3-4
in postflexion larvae up to about 9.0 mm and is re-
duced to 1 or none in specimens larger than 12 mm.
The angle spine is relatively largest in 3-mm larvae
(maximum of 15% of body length) and subsequently
decreases gradually in relative size. Larvae <3 mm
develop 4 spines below the angle of the preopercular
ridge; by 6.0 mm, 4-5 spines are present. These
spines are lost in larvae >6.0 mm. A single spine is
present above the angle of the ridge until the comple-
tion of notochord flexion (~4.5 mm), after which
there is none.

By 4.0 mm, larvae have a single spine on the su-
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Figure 9. Larvae of Caranx sexfasciatus: A, 2.6 mm; B8, 3.0 mm; C, 3.4 mm; D, 4.0 mm; £, 4.2 mm.
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Figure 10. Postflexion larvae of Caranx sexfasciatus: A, 5.5 mm; B, 9.4 mm; C, 15.4 mm.
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Figure 11. Pooled numbers of occurrences of larvae of Seriola lalandi in
standard CalCOFI| tows taken from 1954 to 1969.

pracleithrum; it remains until about 12.0 mm. At
about 4.5 mm, a single posttemporal spine forms di-
rectly above the supracleithral spine and is variously
present or absent in larvae up to about 8.5 mm, after
which it is absent.

Our smallest larvae, <3.0 mm long, have de-
veloped a small supraoccipital crest. It enlarges rapid-
ly to its maximum development at about 3.0 mm. It is
triangular, with a peak above the occipital region and
a convex forward margin, sometimes with minute

serrations. [t becomes flat and inconspicuous during
notochord flexion and is absent in larvae larger than
8.0 mm. An inconspicuous supraocular crest and pter-
otic ridge develop in postflexion larvae, but these do
not develop spines.

Meristic counts of stained specimens are presented
in Table 9.

Pigmentation. Caranx sexfasciatus larvae possess
striking melanistic pigment on the supraoccipital
crest, a character unique among larval carangids that
have been described. Our smallest specimens, 2.4-2.6
mm in length, have no pigmentation on the
supraoccipital crest, but a single melanophore appears
there by 3.0 mm (Figure 9A, B). Melanophores on the
crest increase in number and intensity during the larval
period until the crest is completely resorbed by
8.0 mm (Figures 9 and 10).

Another distinctive character in larvae larger than
about 3.4 mm is a preanal finfold that is completely
pigmented until resorption of the finfold at about
10.0 mm. Other pigmentation on early C. sexfasciatus
consists of a pattern typical for many carangid larvae,
with opposing dorsal, lateral, and ventral streaks on
the body, as well as pigment on the head and abdomi-
nal region. Pigmentation spreads rapidly on the head
and body in postflexion larvae (Figures 9E and 10),
resulting in a very heavily pigmented body, with the
exception of the caudal peduncle. By 15.4 mm, the
caudal peduncle is pigmented, and the body exhibits
the dark vertical stripes characteristic of the juvenile
stage (Figure 10C).

Fin pigmentation remains sparse except for the spi-
nous dorsal fin, which is pigmented early in the larval
period, at about 5.5 mm. Pigmentation on this fin
persists and intensifies to the late juvenile stage. The
anterior portion of the anal fin is also pigmented in the
early stages, but the pigment is transitory.

DISTRIBUTION

Seriola lalandi is reported to range from southern
Washington to Chile, including the Gulf of California
(Miller and Lea 1976); however, the larval distribu-
tion is limited to warmer waters. Within all CalCOFI
plankton tows taken from 1954-69, S. lalandi larvae
occurred in 206 samples. The northernmost occur-
rence was off Point Conception in July 1965; inci-
dence was highest off central Baja California, where
larvae were found in a broad band from nearshore to
about 200 miles offshore (Figure 11). Incidence of
yellowtail larvae was low off southern California (4%
of occurrences) compared to Baja California, which
had 96% of the occurrences.

Yellowtail larvae were collected from April to
October, with 83% of the occurrences in July and
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TABLE 9
Meristics of Stained Caranx sexfasciatus Larvae
Body
length Dorsal Anal Pectoral Caudal Pelvic
Station (mm) fin fin fin fin fin Branchiostegals
7205-157G. 150 2.5 — — — — — —
7205-157G.150 2.7 — — — — — 4
7205-157G.150 3.0 — — — — — 6
75.04 Sta. 8 35 — — — — — 7
TO 59-1 #35 4.7 IX,15 I+1L11 8 1+9+4+8+1 — 7
Cabo Blanco,
Costa Rica 5.3 VII+1,19 nm+1,15 14 4+9+8+4 bud 7
ETP 12.033 5.9 VI +1,19 II+1,16 15 3+9+8+3 bud 7
75.04 Sta. 2 6.1 VII+1,19 II+1,15 15 5+9+8+5 bud 7
ETP 30.114 7.7 VIII+1,19 I+1,16 18 T+9+8+7 1,3 7
Costa Rica 37-2 9.0 VIII + 1,20 n+1,15 20 8+94+8+8 | 7
ETP 14.232 12.5 VIII+1,19 I+L16 21 9+9+8+9 L5 7
TO 58-1 #69 13.7 VIII +1,20 n+1,17 21 94+9+8+9 L,5 7
Dashed line separates preflexion from postflexion larvae.
117° 110° 100° 90° 80° 76°
300 T LT T [T T T 1T T T I 7T 1T T T ] T T T T T 1T T 1T T T 1T 717 71]30°
L 4 i
- O Chioroscombrus orqueta .
. O Caranx caballus —
A Caranx sexfasciatus
20°— — 20°
B ':_ CABO BLANCO ]|
10°— — 10°
— - Figure 12. Occurrences of larvae of
— - Chloroscombrus orqueta, Caranx
- -~ caballus, and Caranx sexfas-
— ~ ciatus. Omitted in this figure are a
- — cluster of Chloroscombrus orque-
- = ta occurrences near San Carlos
o° -%% . — o° Bay, Gulf of California, and clus-
- .. — ters of occurrences of the above
J | I I I N S T | l I N W T I I | | W N I N O S | | 1 1 ] three SpeCieS Off Cabo Blanco,
117° 110° 100° 20° 80° 76° Costa Rica.
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August. This seasonal pattern correlates with the
spawning period, reported to be in the spring and
summer (Walford 1974). In their observations of
maturing ova, Smith and Paul (1960) concluded that
spawning generally begins in July and continues until
October.

The size-frequency distribution of yellowtail larvae
collected in CalCOFI samples in 1954-69 was narrow,
with a mean length of 4.1 mm = 1.16 SD and a range
of 2.8-17.9 mm for the 429 larvae measured.

Figure 12 shows localities where larvae of Chloro-
scombrus orqueta, Caranx caballus, and Caranx sex-
fasciatus were taken. Of these three species, Chloro-
scombrus orqueta and Caranx caballus range as far
north as southern California (Hubbs et al. 1979; Miller
and Lea 1976), but none of our larvae was taken north
of Baja California.
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ABSTRACT

We examined the effects of freezing, acidification,
and acidification plus freezing on the concentrations
of nitrate, phosphate, and silicate in seawater samples.
We compared polyethylene and polystyrene contain-
ers, and determined preservation effects after storage
periods of 1, 3, 6, and 12 months.

Because of the magnitudes of the - concentration
changes and their variability, none of the tested proce-
dures was judged satisfactory for our purposes. Inter-
pretation of results was complicated by strong interac-
tions among treatments and between treatments and
water sources. If nutrient preservation is necessary,
the effects of preservation should be determined for
the specific conditions of the study.

RESUMEN

Examinamos los efectos de la congelacién, la acidi-
ficacién y acidificacién mas congelacion sobre las
concentraciones de nitratos, fosfatos y silicatos en
muestras de agua marina. Comparamos recipientes de
polietileno y poliestireno, y determinamos los efectos
de la preservacién al cabo de 1, 3, 6, y 12 meses de
almacenamiento.

Debido a las magnitudes y variabilidad de los cam-
bios en la concentracién ninguno de los procedimien-
tos examinados se considerd satisfactorio para nues-
tros propodsitos. La-interpretacion de los resultados se
vi6 complicada por las intricadas interacciones entre
tratamientos y entre lugares de origen de las muestras.
Si la preservacion de nutrientes es necesaria, sus efec-
tos deben ser determinados para las condiciones espe-
cificas de cada estudio.

INTRODUCTION

In 1982, when planning for the 1984 CalCOFI sur-
veys began, the planning committee agreed about the
importance of adding measurements of chlorophyll
and primary production to the standard data set. We
recognized, however, that these additions would not
be financially feasible without some cutbacks in other
areas. As one possible cost reduction, we considered
eliminating the shipboard analyses of nutrients by

[Manuscript received December 9, 1984.]
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postponing analyses until the samples were returned to
the facilities at Scripps Institution of Oceanography
(SIO), thereby eliminating sea pay and overtime for
the chemists. The feasibility of this move depended
upon our ability to preserve the nutrient samples in a
simple and effective manner for at least one month.

In January 1983 we began a series of nutrient pres-
ervation experiements within the central North Pacific
and the California Current. We examined the effects
of three different preservation procedures (freezing,
acidification, and freezing plus acidification) on the
concentration of three nutrients (nitrate, phosphate,
and silicate) in two container types (polyethylene bot-
tles and polystyrene tubes). We determined the preser-
vation effects after storage for periods of 1, 3, 6, and
12 months. The effects of storage on nitrite were also
determined. Because initial nitrite concentrations were
always low, concentration changes were examined
only in relation to concomitant changes in nitrate.

We ran five separate experiments, using water sam-
ples from different depths and different locations
(Table 1), providing a variety of nutrient concentra-
tions and, presumably, a variety of chemical and
biological histories. All samples were oceanic; none
were from upwelled or turbid waters.

The effectiveness of various preservation strategies
has been examined previously; reviews are given by
Riley (1975) and Grasshoff (1976). The definition of
“‘effective procedure’’ undoubtedly varies from study
to study depending on the degree of accuracy and/or
precision required by the investigator. Freezing at
—10° to —20°C has been demonstrated to success-
fully preserve phosphate, nitrate, and silicate (Col-
lier and Marvin 1953; Strickland and Parsons
1968; Thayer 1970; Truesdale 1971; MacDonald and
McLaughlin 1982); however, recommendations as to
the necessity for prefiltration or quick-freezing vary.
Numerous other workers have reported inferior results
with frozen samples unless they are chemically stabi-
lized (Murphy and Riley 1956; Gilmartin 1967; Jenk-
ins 1968; Charpiot 1969). Depression of silicate levels
in frozen samples caused by the polymerization of
reactive silicate has been reported (Kobayashi 1967).
This may be reversed by extended periods of thawing.
Polymerization is not expected in samples of high
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TABLE 1
Origin of Samples Used in Study

Experiment Date Depth of sample Initial concentration
# (Jan. 1983) Location (m) pemol/1
NO; PO, Si0,
L. 13 24°52.4'N 156°13.4'W 15 0.02  0.060 0.62
2 14 27°16.9'N 155°16.3'W 995 4432 3.020 131.04
3 18 27°57.1'N 141°38.6'W 140 1.50  0.155 3.90
4. 22 28°49.4'N 127°14.4'W 180 1.86  0.320 4.60
5 26 33°11.3'N 118°22.8'W* 90 9.58  1.006 11.16
*CalCOFI 90.37

(oceanic) salinities (Burton et al. 1970), at least not
for storage periods less than 5 months (MacDonald
and McLaughlin 1982), and, at present, there is no
accepted protocol for the length and means of thawing
samples.

An alternative preservation strategy is to reduce the
pH of the sample sufficiently to preclude biological
activity. Acidification of samples with hydrochloric
acid has been reported to preserve silicate (Mullin and
Riley 1955), and sulfuric acid has been used to pre-
serve silicate (Grasshoff 1976) and phosphate (Char-
piot 1969). Other workers have warned against the
acidification of phosphate samples because of the hy-
drolysis of labile organic phosphate (Jenkins 1968;
Grasshoff 1976). At SIO hydrochloric acid has been
used to stabilize samples in several studies, particular-
ly when nitrate is to be analyzed (J. Gieskes, pers.
comm.). The combination of acidification and freez-
ing was recommended by Riley (1975), but no ex-
perimental justification was presented.

Although plastic containers are essential for pre-
serving silicate (Mullin and Riley 1956), a number of
workers have reported loss of phosphate from samples
stored in polyethylene, especially soft polyethylene
(Murphy and Riley 1956; Heron 1962; Hassenteufel et
al. 1963). Other workers have stored samples for
phosphate analysis in polyethylene containers without
noticeable loss of phosphate (Charpiot 1969; Thayer
1970), and samples are briefly held in polyethylene
tubes during autoanalyzer use. Acidification of sam-
ples should prevent the absorption of phosphate by
polyethylene (A. Mantyla, pers. comm).

The disparity of the conclusions in previous studies
suggests that the results of specific studies may have
limited general applicability (e.g., Gilmartin 1967,
Thayer 1970), both because of differences in the
biological and chemical systems being studied and
because of differences in the needs of various work-
ers. The present investigation was specific to the re-

quirements of the CalCOFI program. Since we could
not expect to analyze nutrients less than one month
after collection, this was the shortest storage period
considered. Also, preservation is cost-effective only if
it does not greatly increase the cost of analysis ashore
and if the shipboard treatment is rapid and does not
require skilled chemists or special materials. This lat-
ter requirement precluded many preservation proce-
dures, such as those requiring filtration before preser-
vation or quick-freezing in dry ice.

METHODS

Analytical procedures were those routinely used on
CalCOFI surveys by the Physical and Chemical
Oceanographic Data Facility (PACODF; Atlas et al.
1971). Control samples consisted of four or five repli-
cate subsamples drawn into standard autoanalyzer
tubes that had been rinsed with IN HCI and triple-
rinsed with distilled water. Nutrient concentrations
were determined with an Hitachi autoanalyzer within
24 hours of collection. The same autoanalyzer was
used for all subsequent analyses.

Preservation Methods

Frozen samples. We drew four replicate subsam-
ples into each container type and placed them in a
blast freezer at — 10°C within one hour of collection.
Samples remained frozen until the night before anly-
sis, when they were defrosted at room temperature.

Acidified samples.We drew four replicate subsam-
ples into each container type. To each subsample we
added 0.1 ml of concentrated HCl, using an Eppen-
dorf pipette. Samples were capped and stored at room
temperature. Prior to determining nutrients, we
checked the pH of the samples with Hydrion paper to
ascertain that acid had been added, and then neutral-
ized them with the addition of 60 mg of sodium
carbonate, returning the pH to 7-8. Controlled neutra-
lization is essential because the subsequent nitrate
analysis is sensitive to pH values outside this range.
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Acidified and frozen samples. We drew four repli-
cate subsamples into each container type and acidified
them before freezing. Prior to analysis, we thawed and
neutralized samples as described above.

Container Types

Polystyrene tubes. These were 16-ml, disposable,
screw-capped test tubes. Because they are sterilized
by the manufacturer, preliminary rinsing was not
necessary.

Polyethylene bottles. These were 50-ml bottles,
which were rinsed with 1N HCI and triple-rinsed with
distilled water before use. In experiment 5, we substi-
tuted 60-ml autoanalyzer tubes like those routinely
used to collect and hold nutrient samples at sea. Be-
cause we were depending upon materials at hand, we
did not standardize the type of polyethylene used. In
experiments 1 and 3, bottles were soft polyethylene; in
the others they were linear polyethylene. In retrospect,
this lack of control was a mistake.

Because we added a constant volume of acid to sam-
ple containers of varying sizes, the resultant pH of the
preserved sample varied. In all cases it was below 2.

Simulated Catastrophes

In addition to the treatments described above, we
simulated two types of catastrophe and determined
their effects after one month. For these, we stored
samples in tubes, except in experiment 4, when we
used bottles.

No preservation. We stored samples at room tem-
perature without acidification.

Accidental thaw. We simulated the effects of a
power failure by removing samples from the freezer
and allowing them to thaw at room temperature over-
night before refreezing. We were particularly in-
terested to see whether acidification of frozen samples
would buffer them against the effects of an acciden-
tal thaw.

Performance Criteria

We used three criteria to evaluate the performance
of the various preservation procedures.

Quality of the autoanalyzer output. One unexpected
consequence of sample preservation was an increase
in the noise of the autoanalyzer output signal, which
made it difficult to accurately determine the peak
height. In some cases, particularly phosphate and ni-
trite stored for 12 months, the noise was severe
enough to completely prevent estimation of peak
height, resulting in loss of data. In order to quantify
this effect, we ranked the output traces for each sam-
ple from one to three, with one signifying a normal
trace, two a noisy trace that could still be read with
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some degree of certainty, and three a trace that could
not be interpreted with any degree of assurance.

Accuracy. We measured the accuracy of the preser-
vation procedure as the absolute value of the deviation
of the mean concentration of the four preserved repli-
cates from the mean of the four or five replicates
analyzed on board ship.

Precision. We measured the precision of the four
preserved samples by their variance. Change in preci-
sion was evaluated by comparing the variance of the
preserved replicates with the variance of the four or
five replicates analyzed on board ship.

Statistical Analysis

The experimental design was originally intended for
a single, multidimensional analysis of variance. Un-
fortunately, the data showed significant heteroskedas-
ticity, which could not be removed by simple data
transformation. In addition, there were significant in-
teraction terms, which complicated interpretation of
the results. Ultimately, we reorganized the data into a
series of two-way designs and analyzed with the
Friedman nonparametric two-way analysis of variance
(Tate and Clelland 1959; Conover 1971). Under the
assumption of no significant differences between pri-
mary effects (preservation method, container type, or
preservation time) the test statistic, W, can be approxi-
mated by

m m

W = observed SS (2R,) / maximum SS (QR))

i=1 i=1

where

m n m 2
observed SS (ZR) =3, [ ERu] -

i=1 j=1

and

m

maximum SS (ER,«) = m)n — n/l2

i=1

where items are ranked 1 through n across the factor
being tested, and m = the number of sets of ranks.

For large values of m or n, the chi-square approxima-
tion was used:

Xy = m(n-1) (W)
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We retained outlying values in the analyses and,
unless otherwise noted, used only complete experi-
ments.

For example, in the case where the effect of storage
time on nitrate concentration is being tested (n = 5,
m = 17), the appropriate sum of squares has com-
ponents caused by storage time within samples frozen
in tubes, within samples frozen in bottles, within
samples acidified in tubes, etc. Thus the total sum of
squares may be decomposed to examine the effect of
storage time on samples stored in bottles, regardless of
preservation method, or the effect of time on frozen
samples regardless of container type. Or the effect of
storage time on samples frozen in tubes may be com-
pared with the effect on samples acidified in tubes. In
this way, the components of the primary analysis may
be examined for interaction effects, which cannot be
tested directly. The calculated ‘‘probability’” values
associated with ANOVAs performed on subsidiary
units have uncertain statistical meaning, but they indi-
cate the relative strength of the primary effect within
the various subunits. In addition, since accuracy and
precision are independent measures of performance,
they can be combined into a single measure for each
nutrient, and the statistics for all nutrients may be
combined to give an overall estimate of the relative
success of the three preservation methods.

We are concerned with three factors: preservation
procedure (freezing, acidification, and acidification
plus freezing), container type (polystyrene tubes and
polyethylene bottles), and storage time (1, 3, 6, and 12
months). To reduce the effects of multiple testing,
effects of the preservation procedure, which we con-
sider our major concern, were tested for significance
at P = .05. The effects of container type were consid-
ered to be significant at P = .025, and the effects of
storage time at P = .0l.

When we obtained a significant ANOVA between
three or more factors, we tested differences between
specific levels of the primary factor by means of an a
posteriori test (Nemenyi 1963), carried out at P =
.05. Results are indicated by the pattern of underlining
in Tables 2-4. For instance, in Table 2, the accuracies
of the nitrate determinations changed significant-
ly with time of storage according to the Friedman
ANOVA (P < .01). The four storage times are listed
from left to right in order of decreasing accuracy. The
results of the Nemenyi analysis indicate that samples
stored for 1 month are significantly more accurate than
samples stored for 6 and 12 months, but are not
significantly different from samples stored for 3
months; samples stored for 3 months are significantly
more accurate than samples stored for 12 months, but
are not different from samples stored for 1 or 6

months; samples stored for 6 months are not signifi-
cantly more accurate than samples stored for 12
months. These relationships are indicated by a series
of three overlapping underlines.

We examined the effects of the simulated catas-
trophes with a Friedman two-way ANOVA in which
the six levels of the primary factor were the three
preservation procedures, together with the three catas-
trophes: samples stored without preservation; samples
frozen, thawed, and refrozen; and samples acidified
and frozen, thawed, and refrozen. Secondary factors
were the initial conditions of the five experiments.

RESULTS

The experimental results are summarized in Tables
2 to 4. The complete data set is available on request
from the senior author.

Nitrate and Nitrite (Table 2)

There was no detectable increase in the noise of the
nitrate signal caused by preservation. However, in-
creased signal noise did result in loss of nitrite data,
and consequently in nitrate data, especially in acidi-
fied samples stored for 12 months.

For nitrate there was a significant difference be-
tween preservation procedures only among the sam-
ples stored in autoanalyzer tubes in experiment 5,
where there was a strong tendency (P < .01, accuracy
and precision combined) for acidified samples to be
best and frozen samples worst. When this subset was
removed from the analysis, there was a tendency for
frozen samples to be superior (P < .10, accuracy and
precision combined).

For all procedures and all containers, there was a
significant increase in the concentration of nitrate with
time, accompanied by a loss of accuracy and decrease
in precision.

There were also significant changes of nitrite over
time (P < .05). However, no general trend of increase
or decrease with time could be detected. There was no
evidence of correlation between concentrations of ni-
trite and nitrate, either within or between experiments.
Thus, changes in nitrate concentration could not be
explained solely as reduction to or oxidation of nitrite.

Phosphate (Table 3)

For all samples, there was a significant increase in
the noise of the phosphate autoanalyzer signal over
time. The signal quality of samples run on board ship
or stored for only one month was significantly better
than that of samples stored for longer periods of time.
The increase in noise with time was strongest in sam-
ples acidified or acidified and frozen and stored in
tubes. Regardless of storage time, signals from frozen
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TABLE 2
Summary of Nitrate Changes in Stored Seawater Samples
Performance
Factor Criterion ANOVA probability Best Worst

Preservation method q >.20 F A A+F
F: frozen a <.20 F A+F A
A: acidified P >.20 F A A+F
a+p >.20 F A+F A

Container type q >.20 B T

T: tube a >.20 T B

B: bottle p >.20 B T

a+p > .20 T B

Storage time in months q =.10 12 1 3 C 6

C: control c <.01* C 1 3 6 12 (increase)
a <.01%* 1__3_ 6 12
p <.05 C 13 126

quality of the autoanalyzer signal

q
a: accuracy of the preserved samples
p: precision of the preserved samples
c:

nitrate concentration in the preserved samples

Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests,

performed only when ANOVA results are significant (*).

samples had significantly less noise than did samples
that were acidified and frozen, whereas signals from
acidified samples were intermediate. There was no
effect of container type.

The chemists who did the analyses believe that
much of the problem can be attributed to the release of
carbon dioxide in the sample when it is neutralized
prior to analysis. Such bubbles are known to interfere
with the proper operation of the autoanalyzer. The
problem is more severe with phosphate because of the
small diameter of the phosphate tube and because,
unlike the other nutrients, the sample is not diluted
with distilled water during analysis. However, if sig-
nal deterioration results solely from the production of
bubbles, we would expect it to be independent of
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storage time, but dependent upon the volume of the
sample (since the absolute amounts of acid and base
added were the same for all volumes). Neither was the
case in our samples, suggesting that other factors may
be involved.

The precision of the phosphate determination is
affected by the accuracy with which the autoanalyzer
traces can be read. However, in most cases, changes
in precision were greater than could be explained by
uncertainty in the signal alone.

The preservation procedure affected neither the
accuracy nor the precision of phosphate determina-
tions, except for samples stored in tubes, where the
procedure did influence precision (P < .05). Frozen
samples were more precise than samples acidified and
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TABLE 3
Summary of Phosphate Changes in Stored Seawater Samples
Performance
Factor Criterion ANOVA probability Best Worst
Preservation method q <.02* F A A+F
F: frozen a >.20 F A+F A
A: acidified p >.20 F A A+F
atp >.20 F A A+F
Container type q >.20 B T
T: tube a =.05 T B
B: bottle p <.10 T B
a+p <.01* T B
Storage time in months q <.01* C 13 12 6
C: control [ <.025 C 3 1 6 (increase)
a <.01* 16 3
p <.01* C 16 3

: quality of the autoanalyzer signal

q

a: accuracy of the preserved samples
p: precision of the preserved samples
c

: phosphate concentration in the preserved samples

Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests,

performed only when ANOVA results are significant (*).

frozen; precision of acidified samples was intermedi-
ate. This effect was not evident among samples stored
in bottles and may in part reflect the deterioration of
the autoanalyzer signal resulting from neutralization
of the acid in the smaller-volume tubes.

When both accuracy and precision were considered
together, pooling all storage procedures, the perform-
ance of tubes was significantly better than that of
bottles. However, this effect was greatest in samples
that were either frozen or acidified; samples that had
been acidified and frozen showed no difference be-
tween container types.

The statistical analysis of length of storage time on
accuracy and precision did not include the samples
stored for 12 months because of the small number of

these samples available. In all experiments, there was
a tendency for the phosphate concentration to increase
with time of storage, accompanied by a significant
loss of accuracy and precision. Since this occurred
both in frozen and in acidified samples, it did not
appear to be solely related to the acidification of the
sample and the resultant breakdown of organic mate-
rial. Moreover, since the concentration increased in
both container types, there was no evidence of dif-
ferential adsorption of phosphate by the plastics, as
has been suggested by previous workers (Murphy and
Riley 1956; Heron 1962; Hassenteufel et al. 1963).

In general, these data indicate that the best phos-
phate results may be obtained from samples frozen in
polystyrene tubes and analyzed within one month.
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TABLE 4
Summary of Silicate Changes in Stored Seawater Samples
Performance
Factor Criterion ANOVA probability Best Worst
Preservation method q >.20 A+F A-F
F: frozen a >.20 A+F A F
A: acidified p >.20 A+F F A
a+p >.20 A+F F A
Container type q >.20 T B
T: tube a =.01* T B
B: bottle p <.05 T B
a+p <.01* T B
Storage time in months q >.20 1 3 12 6 C
C: control c > .20 C I 3 12 6 (decrease)
a <.01* C 1 3 12 6
p <.01* C13 6 12

q: quality of the autoanalyzer signal
a: accuracy of the preserved samples
p: precision of the preserved samples

c: silicate concentration in the preserved samples

Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests,
performed only when ANOVA results are significant (*). Dash indicates ties.

Silicate (Table 4)

Both accuracy and precision of samples stored in
polystyrene tubes were greater than those of samples
stored in polyethylene bottles.

In all experiments, there was a significant loss of
accuracy with increased storage time, related to a
tendency for the concentration of silicate to decrease.
This tendency was strongest for samples acidified and
frozen in tubes (P < .05). A similar decrease with
time was not evident in samples stored in bottles.
Within tubes and bottles there was a significant de-
crease in precision over time, with the major period of
decrease occurring during the first month of storage.

Interaction Effects
Numerous interaction effects were apparent in the
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results of this experiment. The more easily interpret-
able have been pointed out. In addition, there fre-
quently appeared to be interactions between the stor-
age procedure or the container type and the initial
concentration of the nutrient. For instance, in the case
of phosphate frozen in tubes (Figure 1), after one
month there was a significant decrease in concentra-
tion in experiment 1, where the initial phosphate con-
centration was low (Mann Whitney U test, P < .0l).
However, in experiment 2, where initial concentration
was high, there was a significant increase in concen-
tration (P < .0l).

The effect of time on the nutrient concentration of
stored samples was confounded with any differences
in the day-to-day standardization and operation of the
autoanalyzer. This latter source of variability is not
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e CONTROL SAMPLES
°© SAMPLE FROZEN FOR 1 MONTH

expected to have any temporal trend. However, it is
not appropriate to blame operator error for any
variability that does not exhibit a linear trend with
time. The frozen samples generally showed highest
concentrations of all nutrients after 6 months of stor-
age. This pattern was not apparent in samples that had
been acidified or acidified and frozen. Although all
6-month samples were analyzed by the same chemists,
frozen samples were run the day before the others. We
initially suspected that the high concentrations in the
frozen samples were due to operator variability rather
than true temporal changes. However, we are unable
to postulate a source of operator error of such magni-
tude. In fact, the graphs for nitrate and phosphate from
experiment 2, after 6 months, were off scale for the
only time during the entire experiment.

The numerous interaction effects, especially those
involving initial nutrient concentration or time of stor-
age, make precise predictions about preservation of
future samples risky.

Simulated Catastrophes

When the three simulated catastrophes were consid-
ered and compared with the three preservation proce-
dures for both nitrate and phosphate, there were sig-
nificant differences between treatments (P << .05).
The primary outliers were related to the absence of
treatment, which caused phosphate concentrations to
decrease in all samples, and nitrate concentrations to in-
crease in samples with very high or low initial concen-
trations but to decrease in samples with intermediate
concentrations. There were no significant differences
in precision. There was no evidence of treatment
effect on either accuracy or precision of silicate deter-
minations; silicate preserved as well in untreated sam-
ples as in preserved samples.
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freezing for one month in polysty-
rene tubes. Experiments 1, 3, 5,
and 2, from left to right.

We could detect no decrease in accuracy or preci-
sion resulting from an accidental overnight thawing.
Thus there is no evidence that adding acid before
samples are frozen protects them from deterioration
during a thaw,

CONCLUSIONS

When the data from all nutrients are weighted
equally and combined, the most accurate and precise
storage procedure is freezing; acidification, without
freezing is the least satisfactory. The differences,
however, are not significant (P < .25). Storage of
samples in polystyrene tubes gave significantly better
results than storage in polyethylene bottles (P<<.01).

With respect to this latter result, we cannot distin-
guish between the effect of the smaller volume and the
polystyrene material. From a technical standpoint, 16
ml represents an absolute minimum needed for the
autoanalyzer. A second analysis, should the need
arise, is not possible, and any loss of sample may
preclude adequate rinsing. While the smaller volume
may have advantages in terms of rapid freezing and
thawing, the tubes were also superior to the bottles
when samples were acidified. Thus, circumstantial
evidence suggests that the difference between the per-
formances of tubes and bottles was due primarily to
the container material. A better container may be a
50-ml polystyrene bottle. More research into this is
warranted.

The purpose of this study was not only to identify
the best preservation procedure, but to determine
whether any would be an adequate substitute for ship-
board analyses. The error introduced by preservation
was small relative to the range of values found within
the California Current, and data from preserved sam-
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ples would be adequate for mapping major horizontal
and vertical distributions. However, general distribu-
tions within the California Current have been de-
scribed in the past, and it is now the details and
anomalies that are receiving most attention. Unfortu-
nately, the relatively large error at the lowest values
(e.g., after one month > * 100% for nitrate, > +33%
for phosphate, and > +200% for silicate) would com-
plicate the use of these data for investigations into the
relationships between the depth or slope of the nutri-
cline and the biomass or productivity of the euphotic
layer (e.g., Eppley et al. 1978, 1979; King and Devol
1979; Hayward and McGowan 1985). Moreover, the
error introduced at higher concentrations, although
relatively small, is equivalent to the variance observed
at 300 m at a single station over a 28-year period, and
this error would hinder calculations such as long-term
anomalies of mass transport (e.g., Haury and Shulen-
berger 1982). Thus, because the magnitude of the
error introduced by any of the storage procedures
tested was sufficient to preclude many of the uses
which we anticipated for the data, we concluded that
nutrient storage during the 1984 CalCOFI surveys
could not be justified.

When our results are considered in the context of
previous studies of this sort, the only conclusion is the
impossibility of valid generalization. The results of
different nutrient storage procedures appear to depend
strongly upon the type of water being sampled and
upon specific details of the analytical techniques em-
ployed. Preservation of nutrient samples should be
considered a strategy of last resort. However, any
program that depends upon preservation of water sam-
ples for future nutrient analysis must independently
determine the error expected to be introduced by the
specific procedures selected. The question of whether
the additional analytical error is acceptable can then be
addressed.
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SIZE DISTRIBUTIONS AND SEX RATIOS OF RIDGEBACK PRAWNS
(SICYONIA INGENTIS) IN THE SANTA BARBARA CHANNEL (1979-1981)

SUSAN L. ANDERSON!
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University of California, Davis
Bodega Marine Laboratory
Bodega Bay, California 94923

ABSTRACT

Ridgeback prawns (Sicyonia ingentis) were sam-
pled monthly over two years (1979-81) at offshore
stations, and less frequently onshore. Size distribution
and sex ratios of samples were determined. Data from
the offshore station indicate a unimodal size distribu-
tion (23-47 mm CL), from which age structure could
not be discerned. Data from onshore samples provided
evidence that prawns enter the fishery at age 1. The
sex ratio of monthly samples fluctuated during 1981,
in contrast to 1980, when a 1:1 ratio was observed in
all months except during the fall.

RESUMEN

Durante mas de dos afios (1979-81) se realizaron
muestreos mensuales del langostino Sicyonia ingentis
en estaciones alejadas de la costa y, menos frecuen-
temente, en estaciones costeras. Se determinaron la
distribucién de tallas y las proporciones de sexos. Los
datos de las estaciones alejadas de la costa indicaron
una distribucién de tallas unimodal (longitud del
caparazén: 23.47 mm), de la cual no pudo discernirse
la estructura de edades. Los datos de las estaciones
costeras aportaron evidencias de que los langostinos
comienzan a participar de la pesqueria a la edad 1. En
1981 la relacién de sexos en las muestras mensuales
fue fluctuante, a diferencia de 1980, cuando se obser-
v una relacion de 1:1 durante todos los meses, excep-
to en el otofo.

INTRODUCTION

A small commercial fishery for the ridgeback prawn
(Sicyonia ingentis) has recently developed in the Santa
Barbara Channel, and a concomitant increase in oil
and gas exploration in the channel has produced a
need for information about the prawn’s life history.
This species is also of general interest because there
are few abundant free-spawning crustaceans on the
west coast of the United States. Only a few studies of
this species have been conducted since its description
by Burkenroad (1938). Herkelrath (1977) examined
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some aspects of S. ingentis, including growth, but
field observations were few. Herkelrath (1977) also
examined salinity and temperature tolerance of these
prawns. Wicksten (1980) recorded distributional notes
on S. ingentis, and Frey (1971) indicated that the
ridgeback prawn had the potential to support a fishery.
More recently, commercial landings, catch-effort
data, and size distributions were examined by Sunada
(1984). He found a declining catch per unit of effort
(CPUE) from a high of 60 kg/hr in 1979, the first year
of heavy fishing, to 20 kg/hr in 1982. He concluded
from the size distribution data that individuals were
recruited at age 1; the catch consisted mainly of ages 2
and 3, with a maximum at age 4.

Molt and reproductive periodicity in populations of
S. ingentis in the Santa Barbara Channel from 1979 to
1982 are described by Anderson et al. (1985). They
found that females (26-44 mm CL) did not molt in the
summer but rather progressed synchronously through
a single molt cycle with a peak of activity in late fall.
Another such peak occurs in April. Females were
capable of repeated spawning throughout the spawn-
ing season from July through September (Anderson et
al. 1984; Anderson et al. 1985).

The purpose of this paper is to document findings
on size distributions and sex ratios of S. ingentis in the
Santa Barbara Channel from 1979 to 1981. These data
provide important baseline information on the ridge-
back prawn during a critical period of increasing
exploitation, and they provide new information for
preliminary estimation of growth rates during certain
life stages.

MATERIALS AND METHODS

Monthly samples were collected using shrimp semi-
balloon trawl gear at one fixed station in the Santa
Barbara Channel off Santa Barbara, California (Figure
1). Occasionally, additional samples were taken at
random trawl sites. Nets used were approximately
30 m long and 7 m wide at the mouth, with 11.5-cm
mesh (diagonal, not stretched) on the cod end and a
2.5-cm mesh on the belly. Trawls made at the harbor
station (Figure 1) used a 2.5-cm mesh net. Carapace
length (CL) was measured from the posterior margin
of the orbit to the posterior border of the carapace.
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Figure 1. Map of the study area in the Santa Barbara Channel. Inset
shows the location of the Santa Barbara Channel along the coast of
California. Depths are in meters. The three-mile limit is indicated by
shading. F = fixed station (34°18'N x 119°43'W); R = Rincon Point
(34°17'N x 119°32'W); P = Pitas Point (34°18'N x 119°34'W); G =
Gaviota area (34°23'N x 120°08'W); CO = Coal Oil Point (34°21'N X
119°52'W); C = China Cove (34°06'N x 119°40'W); H = harbor area
(34°22'N x 119°42'W).

Males were distinguished from females by the pres-
ence of a petasma in the former.

Molt increments were measured in the laboratory
for prawns collected in November 1982. We judged
prawns to be in advanced premolt (stage D,-Dy) at the
time of collection (Anderson et al. 1985). They
were kept in individual compartments in troughs con-
taining running seawater of 12° to 15°C. Ecdysis
occurred from 6 to 13 days after collection. We mea-
sured premolt CL on the cast exoskeleton. Postmolt
CL was measured approximately 24 hours after ecdy-
sis.

RESULTS

Size Distributions

Size distributions of prawns varied with sex and
depth. Monthly sampling of prawns at 145-m depth
over 2 years revealed a narrow size range (23-47 mm
CL) offshore (Figures 2 and 3). The maximum size of
females was consistently greater than the maximum
size of males. Size composition of the catch at the
deep station did not change markedly throughout the
sampling period (Figure 2), and few individuals were
collected that were smaller than 25 mm CL (Figure 3).
In contrast, samples taken at 60-m depth contained
more prawns in smaller size classes of approximately
25 mm CL and below (Figure 4). Sampling at 40 m
yielded the smallest prawns observed in this study
(Figure 5). For animals collected at that depth in
December 1982, we observed a unimodal peak over
the range of 6 mm CL to 15 mm CL (Figure 5).
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Samples at some onshore stations in May 1983
showed a unimodal peak (Figure 5) at a slightly larger
size—10 to 27 mm CL; the maximum size of females
was greater than the maximum size of males.

Molt increments were measured in laboratory in late
fall because S. ingentis populations undergo a syn-
chronous molt at this time (Anderson et al. 1985);
thus it was relatively easy to obtain field specimens in
late premolt. Molt increments measured in the labora-
tory were small (Table 1) and variable. The change
between premolt CL and postmolt CL ranged from 1%
to 8%, with means of 4.1% for females and 4.6% for
males. Prawns examined measured from 21.2 to
24.6 mm CL for males and 25.7 to 28.4 mm CL for
females.

Sex Ratios

Sex ratios during the two years of study showed two
different patterns (Figure 6). In 1979 to 1980, ratios
were consistently 1:1 until the spawning season, when
females were more numerous in the trawl. In 1980 to
1981, sex ratios fluctuated throughout the year.

DISCUSSION

Although the data presented do not permit a defini-
tive discussion of growth rates for S. ingentis, some
preliminary estimates are possible. The 6-mm-CL-to-
15-mm-CL prawns collected in December 1982 (Fig-
ure 5) are probably the annual cohort of juveniles.
This compares favorably with the identification by
Kennedy et al. (1977) of 4-to-5-mm S. brevirostris as
the smallest juvenile recruits. If the sample taken in
May 1983 (with a mode between 14 mm CL and
21 mm CL) also represents the year class that settled
in the fall of 1982, growth between December and
May was slightly greater than 1 mm/mo. Since
prawns collected in trawls at 145 m were as small as
23 mm, it appears possible that individuals enter the
fishery one year after settlement. Although the lowest
age can be approximately established, it is not possi-
ble to determine the number of age classes present in
the catch. Growth in crustaceans depends on molt
frequency and molt increment. Both of these factors
may be affected by sex, and usually decline with age
(Hartnoll 1982). Effects of variability in molt incre-
ment and molt frequency on size distributions have
been examined recently (Hartnoll 1982; Botsford, in
press). In general, small increments together with
variability in increment or period tend to obscure age-
class modes in size distributions. For S. ingentis,
apparent offshore movement (Figures 2-4) and small,
variable molt increments in the laboratory (Table 1)
make it difficult to follow distinct age-classes.
Variability in molt frequency throughout the year and
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Figure 2. Size-class distribution of S. ingentis males and females in 24 monthly trawls at one fixed station (145-m depth). The range in number of animals
observed was 50 to 118. The number observed in any single trawl is given in Figure 6.
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Figure 3. Size-class distribution of male and female S. ingentis in all monthly
trawls combined for two years at one fixed station (145 m). n = 2452.

between sexes (Anderson et al. 1985) may also affect
our ability to distinguish age-classes.

An estimate of crustacean growth patterns can
usually be obtained from knowledge of the molt incre-
ment and frequency. The laboratory molt increment
data reported here were taken for this purpose; howev-
er, the fact that molt increments were small leads to
suspicion that they do not represent true natural molt
increments. They may be a laboratory artifact or may
be small because they were measured in November
following the reproductive season. Use of these low
increments would lead to a high maximum age in the
fishery. For example, if these molt increments were
the natural molt increments, and molting occurred a
minimum of twice per year (Anderson et al. 1985),

30

Mate
i Female

20

Percent of sample

0 ¥ i
10 20 30 40 50
mm carapace length

Figure 4. Size-class distribution of male and female S. ingentis in a
representative trawl at 60 m (Rincon Point, 9/10/79). n = 191.
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Figure 5. Size-class distribution of juvenile and small adult S. ingentis
taken on 12/13/82 (n = 71) and 5/17/83 (n = 87). Sexes are combined on
12/13/82 because sexual differentiation as evidenced by the presence
of a petasma was noted in only a few of the larger animals. Trawls were
made in approximately 40 m of water due west of Santa Barbara Harbor
(site H in Figure 1).

it would take 14 molts or 7 years to grow from a size
of 25 mm to a size of 45 mm, growing at 1.041 mm
per molt—the average of the measured increments for
females (Table 1). Since 25 mm is near the size at age
one, and 45 mm is near the maximum size of females
in the trawls, this would imply a maximum age of 8
years. More reasonable estimates will require
measurement of natural increments and molting fre-
quencies. This information reflects natural mortality
rate, and hence is critical for management of this
fishery.

Kennedy et al. (1977) observed distinct modal pro-
gressions of size classes in populations of S. breviros-
tris from eastern Florida. They found that 8-to-10-
mm-CL recruits grew to approximately 22 mm CL in
6 months after recruitment. This is twice the growth
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TABLE 1
Molt Increments of Adult Ridgeback Prawns, Taken at the Fall Molt

Females Males
CL CL
Initial after Initial after
CL molt Difference Percent CL molt Difference Percent
(mm) (mm) (mm) change (mm) (mm) (mm) change
25.7 26.9 1.2 5 21.2 21.5 0.3 1
25.8 27.6 1.8 7 21.4 21.8 0.4 2
26.6 26.8 0.2 1 22.1 23.8 1.7 8
26.6 27.3 0.7 3 22.2 23.2 1.0 5
26.9 27.6 0.7 3 22.4 24.3 1.9 8
27.9 29.2 1.3 5 22.5 23.4 0.9 4
28.4 29.7 1.3 5 22.5 23.3 0.8 4
x=4.1 22.8 24.2 1.4 6
o=1.95 23.4 24.3 0.9 4
23.6 24.1 0.6 3
23.9 25.1 1.2 5
24.2 25.5 1.3 5
24.2 25.3 1.1 5
24.4 25.4 1.0 4
24.4 26.1 1.7 7
24.4 25.0 0.6 2
24 .4 25.3 0.9 4
24.6 26.2 1.6 7
) x=46
o= 2.06

rate we observed for S. ingentis at the same age. In
agreement with our data on S. ingentis, male S. brev-
irostris appeared to grow slightly slower, and they
reached a smaller maximum size (30 mm for males
versus 38 mm for females). The maximum lifespan of
S. brevirostris is 22 months (Kennedy et al. 1977).

Kennedy et al. (1977) and Cobb et al. (1973)
showed seasonal cycles in prawn abundance at various
stations. Kennedy et al. demonstrated a seasonal
offshore migration of S. brevirostris. Recruitment
occurs at 26 m. In June and July, highest CPUE
occurs at 40 m and then shifts to 60 m by October. A
similar migration pattern may occur in S. ingentis
populations.

To date, there is no explanation for the variability
we observed in sex ratio. It may be due to the fact that
fishery exploitation was in its third heavy year, but
there is no direct evidence as yet. Sex-ratio changes
may well reflect different migration patterns in the two
years studied. Sex ratios in S. brevirostris populations
are close to unity, but females are slightly more
numerous (Cobb et al. 1973; Kennedy et al. 1977). In
each of these studies, it is not known whether sex
ratios in the catch reflect the true sex ratio of the
population or sex-specific differences in catch rate.
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Figure 6. Sex ratios of populations of S. ingentis at one fixed station
(145 m) in the Santa Barbara Channel. Observations were made month-
ly for two years.
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Further studies are required for a complete under-
standing of recruitment, growth rates, and population
movement for S. ingentis. Such studies would be
important not only because this species is of local
interest, but because very little is known about growth
and recruitment of any free-spawning crustacean on
the west coast of the United States. Perhaps one of the
most significant factors influencing §. ingentis dis-
tribution is the presence of closed gyral circulations in
the Southern California Bight. North of Point Concep-
tion, strong upwelling throughout most of the year
results in strong offshore surface transport. This would
cause tremendous loss of larvae for a free-spawning
species with a long pelagic phase. Circulation patterns
in the bight minimize loss of epipelagic fish larvae, and
many migrating species apparently have increased
spawning success in the bight for this reason (Parrish
et al. 1981). Eggs of S. ingentis are demersal or neu-
trally buoyant if agitated slightly (personal observa-
tion); this means that deep currents may also play an
important role in recruitment. Very little is known
about deepwater currents in the Santa Barbara Chan-
nel, but it has been shown that some Penaeidae larvae
and postlarvae actively discriminate between currents
and current directions (Hughes 1972).
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STOMACH CONTENTS OF ALBACORE, SKIPJACK, AND BONITO CAUGHT
OFF SOUTHERN CALIFORNIA DURING SUMMER 1983
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ABSTRACT

Three species of scombrids were troll-caught off
southern California for a food habits study during
Cruise 166 of NOAA research vessel David Starr
Jordan in August 1983, to examine effects of the
anomalous oceanography (El Nifio) of that period.
The stomachs of 94 albacore (Thunnus alalunga), 31
skipjack (Katsuwonus pelamis), and 42 bonito (Sarda
chiliensis) were examined. Chi-square analysis for
homogeneity showed highly significant differences in
types of prey and proportions consumed by the three
species. Albacore consumed 96.8% fish, 35.1%
cephalopods, and 52.1% crustaceans by frequency of
occurrence, and 82.4% fish, 1.7% cephalopods, and
15.9% crustaceans by numerical frequency. Skipjack
consumed 19.4% fish, 12.9% cephalopods, and
54.8% crustaceans (45.2% euphausiids) by frequency
of occurrence, and 11.1% fish, 2.6% cephalopods, and
86.3% crustaceans (76.5% euphausiids) by numerical
frequency. Bonito consumed 71.4% fish and 26.2%
crustaceans (11.9% euphausiids) by frequency of
occurrence, and 32.1% fish and 67.9% crustaceans
(63.4% euphausiids) by numerical frequency. A com-
parison to historical data during similar and dissimilar
environmental conditions suggests that the scombrids
are opportunistic predators, and that prey availability
was partly a function of the oceanographic conditions.
The index of relative importance and mean volumetric
ratio measurement of northern anchovy (Engraulis
mordax) in the diet of albacore is presented.

RESUMEN

Con el fin de examinar los efectos oceanograficos
anémalos (El Nifio) en el periodo de agosto de 1983,
durante la campaiia 166 del buque de investigacion de
la NOAA ‘‘David Starr Jordan’’ para un estudio de
habitos alimentarios, se capturaron con linea tres espe-
cies de escombridos a la altura del sur de California.
Se examinaron 94 contenidos estomacales de albacora
(Thunnus alalunga), 31 de listado (Katsuwonus pela-
mis), y 42 de bonito (Sarda chilensis). Anilisis de
chi-cuadrado para homogeneidad demostraron
diferencias altamente significativas en los tipos y

[Manuscript received February 4, 1985.]

proporciones de presas consumidas por las 3 especies.
Por frecuencia de registro, la albacora consumié un
96.8% de peces, 35.2% de cefalépodos, y 52.1% de
crustaceos; mientras que por frecuencia numérica los
valores fueron, peces: 82.4%, cefalépodos: 1.7%, y
crustaceos: 15.9%. El listado consumié 19.4% de
peces, 12.9% de cefalépodos, y 54.8% de crusticeos
(45.2% de eufausidos) por frecuencia de registro; en
frecuencia numérica los valores fueron, peces: 11.1%,
cefalépodos: 2.6%, y crusticeos: 86.3% (76.5% de
eufdusidos). El bonito consumié 71.4% de peces, y
26.2% de crusticeos (11.9% de eufausidos) por fre-
cuencia de registro, y 32.2% de peces y 67.9% de
crusticeos (63.4% de eufdusidos) por frecuencia
numérica.

La comparacién con datos histéricos similares
durante condiciones ambientales semejantes y
diferentes sugiere que los escdmbridos son predadores
oportunisticos, y que la disponibilidad de presas era,
parcialmente, el resultado de las condiciones oceano-
graficas. Se presentan el indice de importancia relativa
y medidas de la tasa volumétrica media de la
anchoveta del norte (Engraulis mordax) en la dieta de
la albacora.

INTRODUCTION

The limitations of single-species models in fisheries
management have been recognized and well
documented (Anderson and Ursin 1977; Laevastu and
Larkins 1981; and Livingston MS'). That predation
mortality can control year-class strength of a given
prey species has been established and deserves further
examination (Laevastu and Larkins 1981; Rothschild
and Forney 1979). We conducted a multispecies com-
parison by examining stomach contents of three spe-
cies of scombrids—skipjack (Katsuwonus pelamis),
albacore (Thunnus alalunga), and Pacific bonito (Sar-
da chiliensis)—collected in the California Current
during the 1983 El Nifio. Food habits studies from El
Nifio and other periods are also reviewed here.

'Livingston, P.A. MS. Marine fishery management demands on fish food habits data:
a discussion of alternative uses of food habits data for management purposes. NMFS,
Resource Ecology and Fishery Management Division, 7600 Sand Point Way, N.E.,
Bldg. 4, Bin c15700, Seattle, Washington, 98115, 16 p.
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We found significant amounts of young-of-the-year
anchovies, Engraulis mordax, in the diet of these
scombrids, especially albacore. A number of animals
prey on the northern anchovy, including at least 33
species of fish, seabirds, marine mammals, and man
(Radovich 1979). The impact of predation and adverse
environmental conditions on a commercially impor-
tant fish like the northern anchovy could have far-
reaching economic repercussions.

Prior to Iversen’s (1962) study on albacore in the
central and northeast Pacific Ocean, food habits stud-
ies on albacore were largely nonquantitative (Clemens
and Iselin 1963; McHugh 1952; Powell and Hilde-
brand 1949; Hart 1942; and Hart and Hollister 1947).
In the 1970s, more quantitative studies were undertak-
en, including those by Pinkas et al. (1971) and Iversen
(1962). Both studies were conducted when El Niio
events were mild or absent.

Most food habits studies on skipjack have taken
place in the central and eastern tropical Pacific Ocean
(Alverson 1963; Nakamura 1965; and Waldron and
King 1963). However, Alverson’s study in the eastern
tropical Pacific Ocean includes the region between
Point Conception and 20°N, between 123° to 115°W
during another strong El Nifio (1957-59).

There is a paucity of literature on bonito’s food
habits in the California Current. One other study,
spanning two years of collection (1968 and 1969—
mild El Nifo years), was available for comparison
(Pinkas et al. 1971).

METHODS

The three scombrid species (94 albacore, 41 Pacific
bonito, and 21 skipjack) were caught by hand-
operated jig lines with artificial lures trolled at an
average speed of 6 knots, during Cruise 166 of NOAA
research vessel David Starr Jordan. In addition, 1
bonito and 10 skipjack were caught in gill nets de-
ployed at night. Size of fish caught was fairly
homogeneous within each species (Table 1). The alba-
core and bonito were caught in water approximately
the same temperature (17.8°C and 17.3°C); the skip-
jack were caught in the warmer water (21.2°C) of the
Southern California Bight (Table 1).

The albacore and bonito were caught in close asso-
ciation with each other, within 100 miles of shore,
between 33°59’ to 36°44'N and 121°19' to 122°30'W.
The skipjack were all taken south of Point Conception
in the Southern California Bight between 32°38' to
33°46'N and 117°57' to 119°16’W (Figure 1).

RV DAVID STARR JORDAN CRUISE 166

37°N

Monterey

36°

asﬂ

34°

33° 4

32°

O SKIPJACK

[0 BONITO

A ALBACORE

---- Northward leg of cruise
—— Southward leg of cruise

Pt. Conception

Los Angeles

.
San Diego

Figure 1. Capture locations of alba-
core, skipjack, and bonito during
Cruise 166 of R/V David Starr Jor-
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TABLE 1

Mean Fork Lengths and Standard Deviations, and
Mean Water Temperatures at Time of Catch

Albacore  Skipjack Bonito

(n=94) (n=31) (n=42)

FL. (cm) x 69.3 48.7 59.9
(s) (8.817) (2.031) (1.902)

Temp. (°C x 17.77 2117 17.32
emp. (C) () (0.624) (0.442) (0.252)

Stomachs were removed aboard the ship and
frozen. Contents were thawed in the laboratory and
rough-sorted. Because many prey items in the stom-
achs in this study have not yet been identified, they
were pooled into gross taxonomic categories, usually
at the class level, except where otherwise indicated. In
order to compare our data with previous studies, we
pooled (whenever possible) the data from those stu-
dies to correspond to our fewer categories.

Percent frequency of occurrence (number of stom-
achs in which a particular prey occurred as a percent-
age of the total number of stomachs = %FO) and
percent numerical frequency (%NF) were determined
for all three species. Additionally, anchovies were
separated from the other fish found in the albacore
stomachs. The percent volumes of anchovies and
other fish prey were determined.

We calculated a measure of relative importance
(Pinkas et al. 1971) for the fish consumed by 85
albacore. This value, termed index of relative import-
ance (IRI), is the product of the sum of the numerical
plus volumetric percentages of a given prey item and
percent frequency of occurrence of that prey [IRI =
%FO(%NF + %VF)]. It is used here for comparison
of anchovies consumed relative to all other fish prey
combined and not as a total IRI for all prey items.

The data from the 85 albacore stomachs that con-
tained fish were also examined individually to deter-
mine the importance of a given prey to an individual
predator. Individual stomach analysis is similar in
principle to an IRI calculation; however, instead of
pooling prey from all of the stomachs of a given
predator, one evaluates the distribution of fractional
volumes and numbers of prey for each stomach. In
contrast to the IRI, these data make it possible to
determine the variance, mean, and standard deviation,
and to perform statistical tests. The mean volumetric
or numerical ratio measurement (MVRM, MNRM)
was based on the percentages or proportions of prey in
relation to total stomach volume or total numbers of
all prey in individual stomachs (Ankenbrandt, in
press). We calculated the MVRM for anchovies in the

diet of albacore by the following equation (and
MNRM can be calculated similarly):

= mean volumetric ratio of prey j to
the total volume of N stomachs

where N = number of stomachs examined

Vi . .
ry = ————~ = ratio of prey j to the total volume of

% V. ] stomach {
. )

ji=1

and where V;; = volume of prey type j in stomach i

n = number of prey items

In an attempt to determine if the albacore were
consuming anchovies at random, we performed a runs
test (Sokal and Rohlf 1969) to test the null hypothesis
that the frequency of occurrence of anchovies within
the albacore stomachs is random.

It appeared that the three predator species were not
eating the same kinds of prey items in the same pro-
portions. We used Crow’s (1982) suggestion for show-
ing differences in feeding habits by analysis of stom-
ach contents using a 2-way, R x C, contingency table,
where R is the number of prey categories and C is the
predator species.

RESULTS

Scombrid Feeding Habits

Chi-square analysis for homogeneity showed highly
significant differences in types of prey and proportions
consumed by the three scombrid species (Table 2).

TABLE 2
Observed Frequency
Prey Predator
Skipjack Albacore Bonito Total
L]
Unident. Crust. 6 71 13 90
Pleuroncodes 4 84 0 88
Amphipods 8 20 19 47
Hyperiidae 1 18 0 19
Euphausiids 148 916 449 1513
Fish 22 5741 228 5991
Cephalopods 5 117 0 122
Total 194 6967 709 7870

Minimum estimated expected value is 0.47

Independence of prey occurrence was tested, and the null hypothesis of
homogeneity was rejected. Chi-square value = 1,641.721, probability
<0.0001.
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PERCENT FREQUENCY OF PREY

UNIDENTIFIED CRUSTACEANS
CEPHALOPODS Pleuroncodes planipes

AMPHIPODS BONITO

UNIDENTIFIED CRUSTACEANS
AMPHIPODS

HYPERIDS (N:42)
/ SKIPJACK
/ (N=31)
EUPHAUSIIDS
UNIDENTIFIED CRUSTACEANS
Pleuroncaodes planipes
CEPHALOPODS AMPHIPODS

HYPERIIDS
EUPHAUSHDS

ALBACORE
(N=94)

Figure 2. Percent numerical fre-
quency of prey consumed by three
scombrids (skipjack, albacore,
and bonito) caught during Cruise

166.

Skipjack consumed crustacea most frequently (FO crustacean most important to both skipjack and bonito
= 54.8%) and in greatest numerical frequency (NF = was the euphausiid Nyctiphanes simplex.

86.3%). Bonito consumed fish most frequently (FO The primary prey of albacore was fish (FO =

= 71.4%), but crustacea were highest in numerical 96.8%, NF = 82.4%) (Figures 2 and 3). The IRI for
frequency (NF = 67.0%) (Figures 2 and 3). The anchovies in the diet of albacore was 7,630; for all
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Figure 3. Percent numerical fre-
quency and percent frequency of
occurrence of prey consumed by
skipjack, albacore, and bonito
caught during Cruise 166.
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anchovies and other fish consumed| by albacore caught during Cruise
166.

other fish combined, the IRI was 8,061 (Figure 4).
The anchovies found in the albacore stomachs were
young-of-the-year, from 22-47 mm SL, with a mean
of 33.6 mm and a standard deviation of 4.97 (Figure
5). Albacore stomachs can be a source for verifying
the existence or abundance of the anchovy size classes
that are underrepresented in the California reduction
fishery sampling program used for anchovy popula-
tion studies (Mais 1981).

The presence of Pleuroncodes planipes, pelagic red
crab, in the diets of skipjack and albacore is notable
because the crab’s northern limit in most years appears
to be 28°N, in Sebastian Viscaino Bay (Longhurst
1967).

Individual Stomach Analysis
The mean volumetric ratio measurement for ancho-
vies in albacore stomachs (0.092) was only a little less
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Figure 5. Length-frequency distribution of anchovies found in albacore
stomachs caught during Cruise 166.

TABLE 3
Mean Volumetric Ratio Measurements (MVRM) and
Standard Deviations of Anchovies and All Other Fish
Consumed by 85 Albacore

E. mordax Other fishes
MVRM 0.092 0.110
(s) 0.144 0.207

than the mean volumetric ratio measurement for all
other fish combined (0.11) (Table 3).

The mean numerical percentage of anchovies in
albacore stomachs is somewhat less (X = 42.4%) than
all other fish combined (x = 57.6%), as was the mean
volumetric percentage of anchovies (X = 44.1%) to all
other fish combined (x = 55.9%) (Table 4).

The mean volumetric and numerical percentages of
anchovies from individual stomach analyses were also
less than the numerical and volumetric percentages of
anchovies in the IRI calculation (Table 5).

Cumulative frequency plots showing the propor-
tions of percent numerical and volumetric frequencies
of anchovies in albacore stomachs (Figures 6 and 7)
demonstrate that there were more albacore stomachs
containing fish other than anchovies than stomachs
containing anchovies alone.

The runs test resulted in rejection of the null
hypothesis of random distribution of anchovies in al-
bacore stomachs at the 5% significance level. Ancho-

TABLE 4

Mean Volumetric and Numerical Percentages and
Standard Deviations of Anchovies and Other Fish
Consumed by 85 Albacore

E. mordax Other fishes

Numerical percentage

X 42.4% 57.6%

(s) 39.7 39.7
Percent volume

X 44.1% 55.9%

(s) 41.2 41.2

TABLE 5
Percentages Used in IRI Calculation
E. mordax Other fishes
Numerical percentage 53.9% 46.1%
Percent volume 51.7% 48.3%
Frequency of
occurrence 69.7% 85.4%
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Figure 6. Cumulative frequency plot of volumetric percentage of all
anchovies in 85 albacore stomachs.

vies were present in some of the albacore stomachs in
large quantities; and some stomachs did not contain
any anchovies. This finding is not necessarily a reflec-
tion of active selection, but more likely an indication
of the patchy distribution of the anchovy schools.

DISCUSSION

There are significant differences in types of prey
and proportions consumed among the three scom-
brids. Bonito and skipjack consumed more euphau-
siids than any other type of prey. Albacore consumed
more fish than any other prey, and the northern
anchovy, Engraulis mordax, was consumed nearly as
much as all other fish combined.

The 1983 El Nifio event resulted in, among other
things, a marked decrease in the southward transport
of the California Current. The decreased transport
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Figure 7. Cumulative frequency plot of numerical percentage of all
anchovies in 85 albacore stomachs.

correlates with a decrease in zooplankton biomass
(Chelton et al. 1982) and a decrease in the occurrence
of cephalopods off the California coast. In addition,
fauna endemic to more southerly ranges (e.g.,
Pleuroncodes planipes and Nyctiphanes simplex) were
transported northward and incorporated into the diets
of the scombrid predators. A comparison of this study
with other food habits studies during El Nifio periods
showed similar trends.

Pacific Bonito

In 1968 and 1969 (Pinkas et al. 1971), fish were the
primary prey for bonito, with cephalopods next in
importance (in 1968, NF for cephalopods = 13.9%
and FO = 21.3%; in 1969, NF = 5.8% and FO =
28.2%). However, in our study, the importance of
crustacea is about the same as fish (Figure 8). No

Figure 8. Comparison of percent
numerical frequency and percent
frequency of occurrence of prey
consumed by bonito caught in
1968 and 1969 (Pinkas et al. 1971)
and those caught from August

1983 15-September 1, 1983. Cr = crus-

CALIFORNIA CURRENT taceans, Ce = cephalopods, and F

(No. of Pt. Conception) = fish.
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1965), and 1950-56 (Waldron and King 1963). On right are studies from
the eastern tropical Pacific and California Current: 1983 (this study) and
1957-59 (Alverson 1963). Question marks represent unavailable data. Cr
= crustaceans, Ce = cephalopods, and F = fish.

cephalopods were found in the bonito stomachs col-
lected during the 1983 cruise. This suggests that
cephalopods were not available to the bonito we sam-
pled during the 1983 El Nifo.

Skipjack

In Alverson’s (1963) study conducted in the region
between Point Conception and 20°N during the 1957-
59 El Nifo, crustacea were consumed most frequent-
ly, as in 1983 (Figure 9). In contrast to 1983, when
euphausiids were the most important crustacean, the
pelagic red crab was the most important crustacean in
1957-59.

Albacore

We used Pinkas et al. (1971) for a detailed compari-
son to our study because of the similar location
(Iversen’s 1962 data from the equatorial and northeast-
emn Pacific were pooled together). Fish were the pri-
mary prey in 1968 and 1969, with anchovies the most
important species in 1968, and sauries (Cololabis
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Figure 10. Comparison of percent numerical frequency and percent fre-
quency of occurrence of prey consumed by albacore in 1968 and 1969
(Pinkas et al. 1971), 1950-57 (lversen 1962), and 1983 (this study). Cr =
crustaceans, Ce = cephalopods, and F = figh.

saira) the most important species in 1969 (Figure 10).
In 1983, anchovies were almost equal in importance to
all other fish combined.

MVRM versus IRI

The MVRM and the numeric and volumetric pro-
portions (used in IRI calculations) gave similar results:
anchovies were consumed almost as much in volume
and numbers as all other fish combined. The mean
numerical and volumetric percentages of anchovies
consumed by albacore were slightly less (42.4% and
44.1%, respectively) than the numerical and volumet-
ric percentages used for the IRI calculation (53.9%
and 51.7%). This reflects the difference between es-
tablishing a measurement based on a pooled average
(volumetric and numerical proportions) and a weight-
ed average (MVRM and MNRM). The fact that nu-
merical and volumetric proportions based on pooled
(IRI-type) data are greater than the means of volumet-
ric and numerical frequency shows that some albacore
were primarily consuming anchovies, whereas, at
other times, other albacore were consuming more of
some other fish species. This suggests that the com-
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plementary use of the MVRM and volumetric frequen-
cy and the MNRM and the numerical frequency will
provide insight into the feeding habits of fishes.

The MVRM calculation enabled us to perform sta-
tistical tests on these data and resulted in the conclu-
sion that the distribution of anchovies as prey among
individual albacore was not random. That is, it ap-
pears that some albacore encountered and fed on
anchovy schools, while other albacore encountered
and fed on schools of other fish, a possible reflection
of the inherently patchy distribution of anchovy
schools.

Gill-Raker Gap and Prey Size

In a previous study (Magnuson and Heitz 1971), the
gill-raker gap (space between the first two gill rakers
of the first gill arch) was measured or estimated by
linear regression in tunas, mackerels, and dolphinfish.
The results showed a positive correlation between
gill-raker gap and fork length, and gill-raker gap and
prey size—i.e., the predators with smaller gill-raker
gaps consumed smaller prey.

We determined the mean gill-raker gaps for the
scombrids in our study by linear regression (fork
length vs gill-raker gap). Although bonito had a larger
gill-raker gap (ca. 3.05 mm) than both skipjack (ca.
1.03 mm) and albacore (ca. 2.50 mm), we found that
the proportion of prey items in bonito stomachs more
closely resembled the contents of skipjack stomachs
(mostly euphausiids) than albacore stomach contents.

Our findings were contrary to those of Magnuson
and Heitz: most of the bonito prey were smaller than
most of the albacore prey, even though albacore had a
smaller gill-raker gap than bonito and they were
caught in the same area on the same days. This in-
formation, added to the evidence that scombrids in
previous studies have diverse and opportunistic feed-
ing habits during similar and dissimilar environmental
conditions, underscores the complexities of food-web
dynamics.
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