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Part 1

REPORTS, REVIEW, AND PUBLICATIONS

REPORT OF THE CALCOFI COMMITTEE

Now in its forty-fifth year of service to the state of
California and to the community of scholars worldwide,
the California Cooperative Oceanic Fisheries Investiga-
tions is pleased to be able to offer the largest-scale long-
term data suite from any ocean ecosystem in the world.
Thousands of horizontal and vertical profiles of physi-
cal, chemical, and biological variables, as well as the dis-
crete data from which they were assembled, are published
in hard-copy data reports of the Scripps Institution of
Oceanography (SIO) Reference Series and are now avail-
able on-line via telnet to nemo.ucsd.edu; username:
info. Typical of the kinds of syntheses that depend upon
such a data suite is the paper by Hernindez-Vizquez in
this volume.

Anomalously warm temperatures have continued over
much of the southern California sector of the California
Current System, presenting further opportunities to study
how large-scale variations in the ocean’s climate affect
marine life, from single-celled phytoplankton to marine
birds and mammals. The report by Hayward et al. in this
volume describes some of these oceanographic events.
The electronic collection of environmental data has
become standard on CalCOFI quarterly survey cruises:
researchers measure surface properties while the ship is
under way and assemble vertical profiles by using the
CTD rosette at each station. We continue to benefit
from the cooperation of non-CalCOFI scientists on
the cruises, especially for bio-optical measurements in
preparation for the launching of the next generation
of satellite sensors for plant pigments, and for testing,
in cooperation with personnel of the Woods Hole
Oceanographic Institution, of a free-falling, fast-profiling
instrument called the Fast Fish.

Sardine spawning biomass was estimated at the fourth
and fifth annual Pacific Sardine Resource Assessment
and Management workshops. Because estimates declined
from 374,200 MT in 1991 to 71,700 MT in 1993, the
recovery of the sardine resource appears to have slowed
or leveled off. Factors contributing to this change may
include environmental perturbations, excessive harvest,
or natural fluctuations in abundance. It is clearly vital
to both U.S. and Mexican interests that the sardine re-
source recover and that rational management models
be elaborated, based on the best possible estimates of the

condition of the population. In order to improve the ac-
curacy of future estimates, scientists from the Southwest
Fisheries Science Center (NMFS/SWFSC), the California
Department of Fish and Game (CDFG), and the Mexican
Secretariat of Fisheries (SEPESCA), using five research
vessels—McArthur, David Starr Jordan, and Mako (U.S.
vessels); EI Puma and BIP XII (Mexican vessels)—initi-
ated daily egg production method cruises ranging from
San Francisco, California, to Punta Abreojos, Baja
California Sur, in April of 1994. It is hoped that care-
ful management will ensure the continued recovery of
the resource.

The Coastal Pelagic Fisheries Management Plan was
tabled indefinitely by the Pacific Marine Fisheries
Commission (PMFC). Thus CDFG retains manage-
ment responsibility, and plans to hold meetings for the
purpose of streamlining quota-setting procedures for
the fishery.

In addition to the sardine biomass cruises, 1993 activi-
ties aboard the R/V Mako included:

1. “Swept area” trawls to assess halibut stocks and to
evaluate the effects of the recent gill net fishing closure
(Proposition 132) within California waters south of Point
Arguello

2. Diving assessments for withering syndrome in
southern California abalone populations

3. Continued shark longline sampling and tagging
studies with NMFS

4. Live-fish trapping to assess effects of the fishery on
sheephead and to determine bycatch

5. Nearshore trawls to determine critical habitat for
some marine sportfish including halibut, kelp bass, sand
bass, croaker, surfperch, and corbina.

The SWESC started a new project this year to eval-
uate the use of airborne lasers (lidar) for detecting and
estimating the biomass of epipelagic schooling fishes—
mackerel, sardine, anchovy, and others. A workshop
has been held, and several cruises are planned.

Coastal Division scientists, in cooperation with the
SWESC Tiburon Laboratory, NOAA’s National Undersea
Research Program, and the Monterey Bay Aquarium
Reesearch Institute, continue to develop technology and
procedures for using remotely operated underwater ve-
hicles to estimate abundance of fish stocks. Traditional
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swept-area methods may underestimate biomass in many
cases. These studies are intended to develop new, cost-
effective means for measuring biomass, to provide in-
formation about ecology of the slope community, and
to improve trawl-based biomass estimates.

A new approach to measuring Dover sole biomass
using egg and larval survey data was published in 1993.
A paper dealing with a similar approach for estimating
sablefish biomass is published in this volume.

The SWESC’s Coastal Division has conducted three
FORAGE Program cruises in cooperation with Oregon
State University to investigate how oceanographic
processes affect groundfish recruitment. The cruises in-
volved detailed measurements of oceanographic and
biological variables stratified by area, depth, and season.

Several projects designed to improve management of
thornyhead (Sebastolobus sp.) stocks are under way. The
first project—a joint effort of scientists at SIO, Moss
Landing Marine Laboratory, and the University of
Hawaii—involves using radioisotope ratios to validate
criteria used to age shortspine and longspine thorny-
head. Coastal Division personnel are also participating
in an effort by the Alaska Fisheries Science Center to
update assessments for shortspine and longspine thorny-
heads north of Point Conception.

The molecular genetics project has focused on long-
and shortspine thornyhead, but Dover sole and sablefish
have also been sequenced. Mitochondrial DNA sequences
from populations of thornyhead from Alaska, Oregon,
and five sites in California have now been sequenced.
The data show a high degree of site-specific variation,
which indicates less mixing of populations than origi-
nally anticipated. The results suggest that, even though
both thornyhead species have protracted larval and ju-
venile stages of longer than one year, they are retained
to some degree in their natal regions. New genetic stud-
tes of rockfish (Sebastes) are being initiated in three areas:
(1) determination of phylogenetic relationships among
species, (2) development of genetic techniques for iden-
tifying eggs and early-stage larvae not identifiable by
other means (by amplification and sequencing of larval
DNA followed by comparison to adult sequences from
phylogenetic studies), and (3) analysis of rockfish pop-
ulation structure based on microsatellite DNA allele fre-
quencies. The symposium of the 1993 CalCOFI
Conference, on the topic of the genetics of the fauna
of the California Current, is published in this volume.

The CalCOFI Committee is pleased to announce the

publication this year of CalCOFI Adlas 32, Distributional
Atlas of Fish Larvae and Eggs in the California Current
Region: ‘laxa with Less than 1000 Total Larvae, 1951 through
1984, by Geoft Moser and his team. We also look for-
ward to the publication next year of CalGOFI Atlas
33, an identification guide to the eggs, larvae, and ju-
veniles of about 500 species of fishes of the California
Current region. The illustrations alone would make this
work a classic, but the Moser team will also provide tex-
tual descriptions of the stages as well as morphometric,
meristic, and life-history data for each species. The vol-
umes will be hardbound for durability and Smythe-
stitched to lie flat for bench use. Prepublication offerings
will be announced early in 1995 for a hoped-for midyear
press run.

The Committee thanks the officers and crews of the
state of California vessel Mako, the NOAA ships David
Starr Jordan and McArthur, and the University of California
ship New Horizon for their continued support of the
CalCOFI research program, and the Secretaria de Pesca,
Government of Mexico, for its long-standing collegial-
ity and cooperation. The Committee and the coordi-
nator especially thank all those reviewers whose gift of
time and thought has enriched the scientific commu-
nity and served both the authors and the readers of this
volume: Anne Hollowed, Robert Cowan, Nancy Lo,
George Hunt, Elizabeth Venrick, Freda Reid, Teresa
Chereskin, Loren Haury, Gregor Caillet, Doyle Hanan,
Kurt Schaefer, William Lenarz, Steve Ralston, Jon
Shenker, Larry Jacobson, Alec MacCall, Michael
Domeier, Tim Barnett, Jon Govoni, Rick Methot, Irv
Kornfield, Stewart Grant, Susan Picquelle, Stewart
Hurlbert, John Butler, Lou Botsford, and George
Hemingway. And finally, we thank the editor of CalCOFI
Reports, Julie Olfe, and the Spanish language editor,
Jests Pineda. :

The Committee notes the retirement of George
Hemingway, long-time assistant to the director of MLRG
and CalCOFI coordinator during several terms, includ-
ing that at the time of his retirement. The Committee
1s grateful for his dedication to CalCOFI and for his skill
at furthering its activities and purposes, and is very pleased
that he has agreed to be recalled to active duty so that
he may continue as coordinator. Thomas Hayward has
been appointed academic administrator in MLRG to
continue organizing the very successful research program
that Mr. Hemingway has shepherded for so many years.
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REVIEW OF SOME CALIFORNIA FISHERIES FOR 1993

CALIFORNIA DEPARTMENT OF FISH AND GAME
Marine Resources Division
8604 La Jolla Shores Drive
La Jolla, California 92038-1508

Total landings of fishes, crustaceans, echinoderms, and
mollusks increased by 5% from 1992—not enough to
reverse a ten-year declining trend in reported landings.

Pelagic wetfish landings increased 18% from 1992, but
the increase was mostly attributable to a threefold in-
crease in market squid landings; Pacific sardine, Pacific
mackerel, jack mackerel, and Pacific herring declined
substantially (table 1).

Groundfish landings continued a ten-year decline, with
a 19% decrease from 1992, including significant decreases
of Dover sole, sablefish, and whiting; only widow rock-
fish, rex sole, and lingcod landings increased. California
halibut landings also reflected the trend, declining by 24%.

California Dungeness crab landings surpassed the ten-
year average. Spiny lobster landings continued a three-
year decline, but were above the 1974-92 average. Sea
urchin landings were 18% less than in 1992, and declined
38% in northern California. Continuing a long-term
decline, total abalone landings were only 8% of the 1957
historic high.

Swordfish landings increased by more than 13%, and
approximately 82% of the catch was taken in the drift
gill net fishery. Six vessels used longline gear to fish out-
side U.S. waters and land fish in southern California. A

significant portion (42%) of the swordfish catch was
landed north of San Francisco because of persistent but
weaker El Nifio conditions. Statewide landings of live
fish were estimated at 216 MT, a 17% increase over 1992.
Catches were primarily with vertical longlines and troll
longlines, although over 60% of live sheephead land-
ings in southern California were made with trap gear.

Despite the lingering El Nifio condition, 13% fewer
anglers participated in the marine recreational fishery,
and the total catch declined by 19%.

PACIFIC SARDINE

In 1986, spawning biomass estimates for the Pacific
sardine (Sardinops sagax) exceeded the legally specified
level for reestablishment of a commercial fishery in Cali-
fornia. Each year since then, the California Department
of Fish and Game (CDFG) has established a harvest quota
based on an estimate of current spawning biomass. CDFG
is required by law to include in the quota a directed fish-
ery quota of at least 910 metric tons (MT) whenever the
spawning biomass exceeds 18,200 MT.

At the fourth annual Pacific Sardine Resource Assess-
ment and Management Workshop, the CANSAR (catch-
at-age analysis of sardines) model estimated the 1992

TABLE 1
Landings of Pelagic Wetfishes in California (Metric Tons)
Pacific Northern Pacific Jack Pacific Market

Year sardine anchovy mackerel mackerel herring squid Total

1973 68 118,391 25 9,201 1,259 5,383 134,326
1974 6 73,810 60 11,362 2,348 12,901 100,486
1975 3 141,486 129 16,415 1,086 10,542 169,661
1976 24 111,503 293 19,882 2,151 9,063 142,915
1977 5 99,504 5,333 44,775 5,200 12,605 167,424
1978 4 11,253 11,193 30,755 4,401 16,869 74,476
1979 16 48,094 27,198 16,335 4,189 19,660 115,493
1980 34 42,255 29,139 20,019 7,932 15,136 114,514
1981 28 51,466 38,304 13,990 5,865 23,132 132,785
1982 129 41,385 27,916 25,984 10,106 16,023 121,543
1983 346 4,231 32,028 18,095 7,881 1,786 64,367
1984 231 2,908 41,543 10,504 3,786 555 59,518
1985 583 1,600 34,053 9,210 7,856 10,110 63,410
1986 1,145 1,879 40,616 10,898 7,502 20,935 82,975
1987 2,061 1,424 40,961 11,653 8,264 19,662 84,025
1988 3,724 1,444 42,200 10,157 8,667 36,632 102,835
1989 3,845 2,410 35,548 19,477 9,046 40,235 110,560
1990 2,770 3,156 36,716 4,874 7,978 27,989 83,483
1991 7,625 4,184 30,459 1,667 7,345 37,388 87,203
1992 17,946 1,124 18,570 5,878 6,318 13,108 62,944
1993* 13,848 1,954 11,094 1,614 3,882 41,648 74,040

*Preliminary
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TABLE 2
Pacific Sardine Quota Allocations (Metric Tons) for California, 1993

Original allocations*

Revised allocations

Quota Landings Remainder Quota Landings Remainder

Fishery
Directed 15,875 12,385 4,640 18,145 16,000 2,900
Northern 5,290 650 4,640 3,570 670 2,900
Southern 10,585 11,735 0 14,575 15,330 0
Dead bait 455 872 57 455 872 57
Northern 57 0 57 57 0 57
Central 57 57 0 57 57 0
Southern 340 815 0 340 815 0
Live bait 910 1,320 0 910 1,650 0
Incidental reserve 2,720 60 2,660 450 70 380
Total allowable harvest 19,960 14,637 7,357 19,960 18,592 3,337

*QOriginal allocations were in effect from January 1 to October 6, 1993; revised allocations were in effect from October 7 to December 31, 1993.

sardine spawning at 99,800 MT. During July 1993, this
estimate was revised to 116,200 MT after all 1992 data
were included. This increased biomass estimate was not
enough to raise the harvest quota established for 1993.

Estimates of the sardine spawning biomass declined
from 374,200 MT in 1991 to 116,200 MT in 1992. This
decrease may have been caused by the relatively high
combined catch of sardines in the United States and
Mexico during 1992 (approximately 52,000 MT) or by
a combination of high catch and the continued warm-
water event (El Nifio). El Nifo may have displaced sar-
dines to the north of Point Conception (beyond the
range of CDFG data collection and thus not included
in the biomass estimate).

Fishing industry concern about the lack of data col-
lected north of Point Conception caused CDFG to base
the 1993 total allowable harvest on three factors: (1) the
upper 95% confidence limit from the CANSAR biomass
estimate, (2) the tonnage landed during 1992, and (3) a
trend projection from general linear models of previous
estimates. The total allowable harvest was set at 19,960
MT and allocated among four categories: directed fish-
ery, dead bait fishery, live bait fishery, and incidental catch
in the mackerel fishery.

The directed fishery quota was divided geographi-
cally and opened on January 1, 1993 (table 2). The south-
ern directed fishery quickly surpassed its quota and closed
on April 22, Demand for sardines was low in the north-
ern directed fishery because fish available were small;
consequently, less than 15% of the northern quota was
landed, and a local cannery was unable to can sardines
because large fish are needed for the canning process.

The central and southern dead bait fisheries quickly
filled their quotas. Both were closed early in the year,
and no landings were accumulated for the northern dead
bait quota (table 2).

In September, the live bait fishery exceeded its allo-
cation because many sportfishing vessels used small
sardines while there was a shortage of anchovies. The
fishery was allowed to continue landing live bait because
historically its landings decreased at the end of the year
and because it appeared that the northern directed fish-
ery would not use all of its allocation. The incidental
take of sardines (35% by weight) in the commercial mack-
erel fishery did not exceed its allocation in 1993.

Early closure of the southern directed fishery and low
landings in northern California prompted the fishing in-
dustry to propose legislation (AB14, passed October 1,
1993) to reallocate the remaining northern directed
fishery and the remaining mackerel incidental reserve
quotas between the southern and northern directed fish-
eries. October landings for the reopened southern di-
rected fishery were high, but fishing slowed in November
and December. Northern directed fishery landings re-
mained low, and that quota was not filled by year’s end
(table 2).

At the fifth annual Pacific Sardine Resource Assessment
and Management Workshop, the CANSAR model es-
timated the 1993 spawning biomass to be 71,700 MT.
Industry representatives were concerned with the low
estimate because most data in the model still came from
southern California. To correct this bias, CDFG con-
ducted a cooperative Daily Egg Production Method
cruise in April 1994 with the National Marine Fisheries
Service (NMES) and Mexico’s Instituto Nacional de
Pesca. The cruise ranged from San Francisco to Punta
Abreojos, Baja California.

PACIFIC MACKEREL

By January 1 of the 1992-93 fishing season (July 1,
1992, through june 30, 1993) 10,671 MT of Pacific
mackerel (Scomber japonicus) had already been landed.
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Regulations authorize an open fishery when the Pacific
mackerel biomass exceeds 136,080 MT, and require a
quota fishery (equal to 30% of the biomass above 18,144
MT) when the biomass is below 136,000 MT. The 1992—
93 fishing season started with no quota in effect, but be-
cause total biomass estimates at midseason were below
136,000 MT, a 34,020 MT quota (based on a biomass
estimate of 126,100 MT) was established at that time.

Pacific mackerel landings were 5,803 MT during the
first quarter of calendar year 1993, slightly less than in
the first quarter of 1992. In January, Pacific mackerel
availability increased for the first time in four months,
as fishing effort was also directed toward Pacific sar-
dines (Sardinops sagax) and market squid (Loligo opalescens).
Mackerel landings increased throughout February and
March, even though fishing effort was diverted to Pacific
sardines and market squid.

Second-quarter landings totaled 1,652 MT—half of
the 1992 second-quarter landings. Consistent with sea-
sonal patterns of the previous five years, landings were
low during April and May. Landings began to increase
in June, but continued El Nifio conditions kept the catch
at a low level. Fishing effort was concentrated on Pacific
mackerel because the directed sardine quota fishery closed
in April and the sardine dead bait fishery closed in May.

The 1992-93 fishing season ended on June 30, 1993,
with a total catch of 18,312 MT, well below the 34,020
MT quota established at midseason, and 30% less than
the previous season. The 1992—93 landings continue a
downward trend that started with the 1989-90 season,
and were the lowest seasonal catch of Pacific mackerel
since 1978-79.

Although the Pacific sardine fishery was open and fish
were available during most of the season, mackerel were
preferred over sardines because mackerel brought a higher
ex-vessel price ($100 to $120 per short ton compared
with $80 to $100 per short ton for sardines). El Nifio
conditions displaced mackerel to the north, making them
less available to southern California fishers. Evidence of
displacement began in early May, when Pacific mackerel
were sighted off Tofino, British Columbia; by late May
the fish were sighted in the Barkley Sound, and by late
June, along the west coast of the Queen Charlotte Islands.

The 1993-94 fishing season opened July 1, 1993 (third
quarter of the calendar year) with a quota of 29,665
MT based on a biomass estimate of 117,029 MT. Third-
quarter landings totaled 2,403 MT, representing only
27% of the previous year’s third-quarter landings. During
July and August, most large seiners fished tuna because
the availability of Pacific mackerel was low; it remained
low through September. Sightings of Pacific mackerel
continued in British Columbia during July and August
and spread from the southern Canadian border (48° N)
to Yakutat, Alaska (59° N).

During October, Pacific mackerel landings increased,
only to decline in November despite ex-vessel prices of
$140-$150 per short ton. Some fishing effort was di-
verted to Pacific sardines when the directed sardine fish-
ery opened in mid-October. Pacific mackerel landings
increased in December as water temperatures cooled and
El Nifio conditions deteriorated. Landings totaled 2,268
MT in the fourth quarter of 1993, higher than fourth-
quarter landings of 1992, but only 41% of the average
fourth-quarter landings from the previous five years.

By fishing year’s end, 4,833 MT of Pacific mackerel
were landed, bringing landings for the 1993 calendar
year to 12,391 MT, the lowest annual catch since 1978.
Most of the Pacific mackerel were landed in southern
California; 7% were landed in the Monterey Bay area.
The declining trend may be attributed to a combination
of a declining biomass since 1988, fish displacement to
the north by El Nifio, and a decreased market follow-
ing the 1992 closure of a major cannery on Terminal
Island. The cannery closure shifted a five-year wetfish
landings pattern from 75% landed at Terminal Island can-
neries and 25% at San Pedro fish markets to 40% landed
at Terminal Island canneries and 60% at the San Pedro
markets during 1993.

PACIFIC HERRING

Annual statewide landings for Pacific herring (Clupea
pallasi) roe were 4,350 MT in 1993, a decrease of 29%
from the previous year. Statewide landings for the
1992-93 season (November to March) totaled 4,946 MT.
The three gill net platoons (374 permittees) in the San
Francisco Bay fishery landed 3,493 MT, which was 4%
over their quota of 3,348 MT. Thirty-three round haul
(purse seine and lampara) permittees fishing in San
Francisco Bay landed 1,181 MT, 12% less than their
1,347 MT quota (figure 1). Tomales Bay was opened to
commercial herring fishing for the first time since the
1988-89 season, and outer Bodega Bay was closed to
commercial fishing. Tomales Bay permittees landed 201
MT, exceeding the 181 MT quota by 11%. Humboldt
Bay permittees waited until mid-January to begin fishing.
As a result, they missed several early spawning episodes
and landed only 26 MT of the 54 MT quota. Crescent
City permittees landed 28 MT of the 30 MT quota.

A prediction that record amounts of roe herring would
be harvested in Alaska drove down the price of roe
herring in California. Ex-vessel prices for gill net—caught
herring with 10% roe recovery ranged from $500 to
$600 per short ton during the 1992-93 season. The base
ex-vessel price for round haul herring was $400 per short
ton. As a result, the total ex-vessel value of California’s
roe fisheries was approximately $3.3 million—well below
the ten-year average of nearly $10 million.
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Figure 1. California ports and fishing areas.

Ten permittees in the San Francisco Bay herring roe-
on-kelp fishery harvested 43 MT of roe-on-kelp, for
56% of the 77 MT quota. The estimated ex-vessel value
of the roe-on-kelp fishery was $950,000, at prices rang-
ing from $8 to $12 per pound.

CDFG biologists estimated spawning biomass for San
Francisco Bay and Tomales Bay populations. No esti-
mates were made for Bodega Bay, Humboldt Bay, or
Crescent City Harbor. Hydroacoustic and spawn-depo-
sition surveys were used to estimate spawning biomass
in San Francisco Bay, and spawn-deposition surveys were
used in Tomales Bay.
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Estimated spawning biomass of San Francisco Bay
herring declined significantly for the third consecutive
season, to 19,500 MT for 1992-93, less than half of the
previous season’s estimate of 42,300 MT. This was the
lowest biomass estimate in fifteen years and far below
the long-term average of 49,900 MT. The decline could
be partly attributed to the second consecutive season of
poor recruitment of two-year-old herring. The San
Francisco Bay young-of-the-year abundance indices
for 1991, 1992, and 1993 were higher than the index
for 1990, but still below the thirteen-year average for
the index. This suggests that the 1991, 1992, and 1993
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year classes will be stronger than the 1990 year class
and that the biomass may increase.

The total spawning biomass estimate for Tomales Bay
was 3,700 MT, more than a threefold increase from the
1991-92 seasor’s estimate of 1,124 MT. This was the
fourth consecutive season that the biomass has increased.
After six years of drought, rainfall amounts were above
normal during the 1992-93 spawning season. Spawning
biomass levels in Tomales Bay may drop next season; his-
torical data indicate that biomass usually declines in years
tollowing strong El Nifio conditions.

GROUNDFISH

California’s 1993 commercial groundfish harvest of
27,913 MT, with an ex-vessel value of approximately
$23.5 million, represented approximately a 19% decrease
(6,565 MT) from the 1992 landings. Dover sole (Micro-
stomus pacificus), thornyhead (Sebastolobus spp.), sablefish
(Anoplopoma fimbria), rockfish (Sebastes spp.), and Pacific
whiting (Merluccius productus) were principal species har-
vested. Significant decreases were noted for Dover sole,
sablefish, and whiting. Thornyhead and most other cat-
egories also declined but to a lesser degree (table 3). Widow
rockfish (Sebastes entomelas), rex sole (Glyptocephalus
zachirus), and lingcod (Ophiodon elongatus) landings in-
creased moderately.

Distribution of 1993 landings by gear type did not
differ significantly from recent years, although the bot-
tom and'midwater trawl component rose from 75.2% in
1992 to 77.9%, and the line portion of the catch dropped
from 17.7% to 15.8%. Trap and setnet components were
similar to 1992, at 1.0% and 5.3%, respectively.

For 1993, the Pacific Fishery Management Council
(PFMC) set harvest guidelines off California for Dover
sole, thornyhead, sablefish, widow rockfish, bocaccio
rockfish (Sebastes paucispinis), and Pacific whiting. The
PEMC instituted cumulative landing limits as well as trip
limits during 1993, to meet annual harvest guidelines
while providing a year-round groundfish fishery. Cumu-
lative two-week limits were established for the Sebastes
complex (including bocaccio rockfish) and DTS com-
plex (Dover sole, thornyhead, and sablefish); a cumula-
tive four-week limit was set for widow rockfish.

In 1993, within the Washington-Oregon-California
(WOC) area, a harvest guideline of 140,000 MT for
Pacific whiting was fully met (140,962 MT) by domes-
tic catcher vessels and processors. A 10,000-pound trip
limit was imposed before the unrestricted season opened
on April 15 and was reimposed on September 4 after
the unrestricted season was closed. All at-sea processing
of whiting was restricted to waters north of California.
California’s shoreside whiting fishery landed and processed
3,144 MT, a 36% decline from 1992 landings (table 3).

TABLE 3
California 1993 Groundfish Landings (Metric Tons)
Percent
Species 1992 1993 change
Dover sole 8,619 6,540 —24
English sole 564 470 —-17
Petrale sole 528 457 —-13
Rex sole 439 456 4
Other flatfish 520 479 -8
‘Widow rockfish 1,102 1,181 7
Bocaccio 1,467 1,254 —15
Other rockfish 7,396 6,061 —18
Thornyhead 4,328 4,101 -5
Lingcod 604 686 14
Sablefish 3,653 2,570 —-30
Pacific whiting 4,930 3,144 —36
Other groundfish 328 514 57
Total 34,478 27,913 —19

Five midwater trawl vessels, fishing off Eureka and
Crescent City, landed 98% of California’s catch (at $0.05
per pound).

A whiting observation program was established in
1993 to monitor bycatch of salmon and other species in
shoreside landings. To facilitate monitoring the entire
landed bycatch, experimental fishing permits (EFPs) were
issued to three Crescent City—based trawl vessels. The
permits required delivery of unsorted whiting catches to
selected shoreside plants. Rapid chilling at sea of un-
sorted whiting purportedly improved the quality of the
product. Of the 76 EFP trips, 28 were observed. Salmon
bycatch was 0.018 salmon per MT of Pacific whiting. All
salmon observed were chinook (Oncorhynchus tshawytscha).
The five most abundant species in the bycatch were jack
mackerel (Trachurus symmetricus), Pacific mackerel (Scomber
Japonicus), widow rockfish, splitnose rockfish (Sebastes
diploproa), and spiny dogfish (Squalus acanthias).

Sablefish management in the WOC area resembled
that of 1992, with a trawl allocation of 58% and a non-
trawl allocation of 42%. The 7,000 MT harvest guideline
(including a tribal allotment of 300 MT) was, however,
a sharp reduction from the 8,900 MT available in 1992.
Total WOC sablefish landings in 1993 were 7,400 MT,
and California accounted for 2,570 MT, or 35% of the
total WOC catch.

The PFMC allowed unrestricted nontrawl sablefish
fishing in the WOC area to begin on May 12, 1993,
three days before the Alaska sablefish fishery. In con-
trast to 1992, the PEMC set a single nontrawl trip limit
of 250 pounds before and after the unrestricted season.
Landings under the 250-pound trip limit totaled 74 MT.
In the WOC area, nontrawl landings of 2,792 MT were
1% less than the nontrawl allocation. California non-
trawl gear caught 711 MT, about 25%, of the WOC
nontrawl landings.

For the DTS complex, the two-week cumulative limit
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was initially set at 45,000 pounds, of which no more
than 20,000 pounds could be thornyhead and no more
than 25% (or 1,000 pounds) per trip could be sablefish.
On April 21, the DTS-complex cumulative limit was
changed to 60,000 pounds per specified four-week in-
terval to further reduce the catch of sablefish without
increasing the potential for discard. In the WOC area,
trawl sablefish landings were 4,608 MT, about 16% greater
than the trawl allocation despite increasingly restrictive
catch regulations, which were changed several times dur-
ing the season. California trawl vessels landed 1,818 MT,
or 39%, of this coastwide total.

The coastwide harvest rate of thornyhead in 1993 was
lower than in 1992 because of a reduced thornyhead cu-
mulative limit of 35,000 pounds per four-week period.
Coastwide landings of 7,636 MT declined from 1992
landings but still exceeded the 7,000 MT harvest guide-
line by 636 MT. California landed 4,101 MT, or 54%,
of the coastwide thornyhead catch.

The coastwide catch of Dover sole was 14,320 MT,
a decrease of 1,689 MT from 1992. The continuing de-
cline in production was the result of reduced market de-
mand and increasingly restrictive landing limits. California
landings of 6,540 MT were 46% of total coastwide land-
ings, compared with a 54% share for 1992.

California’s Sebastes complex landings declined from
8,863 MT in 1992 to 7,315 MT in 1993, and included
nearly 1,254 MT of commercial bocaccio harvest and
an estimated 200 MT from the recreational fishery. The
California Sebastes fishery began with a 50,000-pound
two-week cumulative limit including a 10,000-pound
bocaccio limit. Midyear projections that 1993 bocaccio
landings would be below the harvest guideline of 1,540
MT, and reports that bocaccio were discarded at the
10,000-pound limit caused the PFMC to increase the
cumulative bocaccio limit within the Sebastes limit to
15,000 pounds.

The 1993 coastwide widow rockfish harvest guide-
line (HG) of 7,000 MT was unchanged from 1992.
Widow rockfish harvest was projected to exceed the HG
by early November, but the PEMC chose not to mod-
ify the cumulative limit of 30,000 pounds per four-week
period and waited until December 1 to impose a 3,000-
pound-per-trip limit. The total 1993 landed catch of
7,905 MT was 113% of the HG, of which California
contributed 1,181 MT, or 15%.

The groundfish limited-entry plan, adopted by PFMC
in 1991, was approved by NMFS in late 1992 for im-
plementation on January 1, 1994. The plan requires per-
mits for any trawl, longline, or pot vessel fishing in the
limited-entry fishery. Non-permitted vessels will be
allowed to fish in the “open-access” fishery. The lim-
ited-entry and open-access fisheries will be subject to
separate quotas and trip limits.
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In 1992, PFMC examined the feasibility of individ-
ual transferable quotas (ITQs) and chose to develop an
ITQ program for nontrawl sablefish. In 1993, the PEMC
continued to narrow the program options with the goal
of adopting a plan in spring 1994.

DUNGENESS CRAB

California Dungeness crab (Cancer magister) landings
during the 1992-93 season were 4,567 MT, an increase
of only 119 MT from the previous season, but well above
the ten-year average of 3,643 MT.

The northern California season opened on December
1, 1992, with only a few fishers setting gear because of
a price-related strike and poor (soft shell), postmolt crab
condition. Fishers in Oregon and Washington agreed to
an ex-vessel price of $1.00 per pound on December 1,
and fishers from the border port of Brookings, Oregon,
immediately set gear in California waters southward to
Point Saint George. During the strike period, Oregon
fishers harvested intensively from that area, arousing con-
siderable hostility in California fishers and finally lead-
ing to altercations and vessel rammings. Crab condition
improved by January 1, 1993, but the price dispute con-
tinued despite a drop in the fishers’ demand from $1.25
to $1.10 per pound. Fishing began in earnest on February
8 at $1.05 per pound, $0.30 per pound lower than the
199192 season price.

A fleet of 454 vessels landed approximately 4,357 MT
at the northern California ports of Crescent City,
Trimdad, Eureka, and Fort Bragg during the 1992-93
season. The port of Crescent City accounted for 2,500
MT of the total, followed by Eureka (1,436 MT),
Trinidad (346 MT), and Fort Bragg (75 MT).

The San Francisco—area Dungeness crab season opened
on November 10, 1992, with an ex-vessel price of $1.83
per pound. Total crab landings decreased by 326 MT
from the previous season, to a 1992-93 total of 121 MT,
Crab fishers landed 37 MT at Bodega Bay, and 84 MT
at ports in the San Francisco area. Monterey and Morro
Bay contributed 89 MT to the season total.

The 1992-93 season marked the first time that fish-
ers were required to obtain a permit to participate in
the California Dungeness crab fishery. Assembly Bill
3189 enacted a three-year moratorium on new entrants
to the fishery, pending a study of the need to limit par-
ticipation.

In September 1993, resource agency directors from
California, Oregon, and Washington signed a memo-
randum of understanding recognizing the need for in-
terstate cooperation in managing the Pacific Coast
Dungeness crab fishery in general, as well as adjusting
the fishing season if soft-shelled crabs were common-
place at the beginning of the winter season.
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TABLE 4
Landings of Swordfish and
Selected Shark Species (Metric Tons)

Thresher Shortfin
Swordfish shark mako shark

1983 1,183 783 147
1984 2,013 756 150
1985 2,362 700 103
1986 1,749 276 215
1987 1,246 239 274
1988 1,129 250 222
1989 1,296 295 177
1990 851 210 262
1991 711 344 151
1992 1,068 179 97
1993* 1,206 155 84
*Preliminary

SWORDFISH AND SHARKS

Swordfish (Xiphias gladius) landings increased to 1,206
MT in 1993, 13% more than in 1992 (table 4). About
82% of the catch was taken by the drift gill net fishery.
Harpoon landings increased to 8%, and longline land-
ings doubled to 10% of the catch. Six vessels (there were
three in 1992) used longline gear outside of the U.S.
Exclusive Economic Zone (EEZ) and landed fish in
southern California. As in 1992, a significant portion
(42%) of the swordfish catch was landed north of San
Francisco because of persistent (but weaker) El Nifio
conditions. Typically, swordfish caught in drift gill nets
or by longline sold for $2.25 to $4.35 per pound, whereas
harpooned fish sold for $3.50 to $6.50 per pound.

Common thresher shark (Alopias vulpinus) landings
declined to 155 MT in 1993, the lowest level in thir-
teen years. Landings at southern California ports sold
predominantly at ex-vessel prices between $1.00 and
$2.00 per pound. Nearly all of the thresher sharks were
caught by the drift gill net fishery.

Shortfin mako shark (Isurus oxyrinchus) landings de-
creased by 13% to 84 MT (table 4). Most (70%) of
the catch was landed in southern California ports, at
ex-vessel prices between $0.75 and $1.50 per pound.
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Figure 2. California landings of halibut, 1983-93.

Mako sharks are caught primarily by the drift gill net
fishery, although hook and line gear accounted for ap-
proximately 14% of the mako catch, and almost 7% of
the catch was landed by longline vessels operating out-
side the EEZ.

CALIFORNIA HALIBUT

California halibut (Paralichthys californicus) landings in
1993 were approximately 306 MT (table 5), a decline of
24% from the 401 MT landed in 1992 (figure 2). San
Francisco accounted for 43% of total halibut landings;
Santa Barbara accounted for 23%. Three factors may
have contributed to low landings in Santa Barbara and
other southern California ports. (1) The Marine Resource
Protection Act of 1990 (Proposition 132) prohibited the
use of gill and trammel nets in state waters south of Point
Arguello after January 1, 1994, and entangling net fish-
ers may have left the fishery to avoid increased permit
fees ($1,000). (2) Warmer-than-normal sea temperatures
from the El Nifio event may have shifted the halibut,
and the fishery, northward. (3) Opportunistic feeding of
harbor seal (Phoca vitulina) and California sea lion
(Zalophus californianus) on southern California set and
trammel nets reduced the catch.

TABLE 5
California Commercial Halibut Landings, 1993

Percentage of

Port Pounds Metric tons Value total pounds
Unknown 947 0.4 $2,353 0.1
Eureka 732 0.3 $1,656 0.1
San Francisco 289,685 131.5 $676,601 429
Monterey 39,576 17.9 $79,842 5.9
Morro Bay 59,842 27.2 $150,443 8.9
Santa Barbara 152,162 69.1 $355,128 22.5
Los Angeles 72,956 33.1 $218,364 10.8
San Diego 58,898 26.7 $140,622 8.7
Totals 674,798 306.2 $1,625,009 99.9
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Figure 3. California abalone landings, 1916-93.

California halibut landings peaked in 1993 during
March (51 MT) and July (50 MT). Landing-receipt data
indicate that trawl nets accounted for 47% of the catch,
followed by entangling nets (36%), hook and line (11%),
and miscellaneous or unspecified gears (6%).

California halibut prices ranged from $1.00 to $6.75
per pound, averaged $2.68 per pound, and totaled $1.6
million for 1993.

ABALONE

Abalone (Haliotis spp.) historically have been harvested
by both commercial and recreational fishers in California.
Commercial landings were 200 MT in 1993, down from
235 MT in 1992 and third lowest since landing statis-
tics began to be collected in 1916 (figure 3). The 1993
landings represented just 8% of the 1957 peak of 2,470
MT. Statewide recreational catch estimates were un-
available, but in 1989 the recreational catch of red abalone
(Haliotis rufescens) in northern California was estimated
to be 2.5 times larger than the statewide commercial
abalone fishery.

Approximately 189 MT of red abalone, the princi-
pal species harvested, were landed by commercial fish-
ers in 1993. These landings were 6% less than in 1992
and 80% less than the 1931-67 average of 953 MT. Red
abalone was the only species taken commercially in north-
ern California, off the San Mateo County coast and off
the Farallon Islands.

Commercial catches of red abalone in southern
California waters have declined over the past decade at
all areas except San Miguel Island, where catches in-
creased from 66 MT in 1982 to 133 MT in 1993, and
constituted 71% of statewide abalone landings. During
this same decade the statewide proportion of abalone
landed in the Santa Barbara area declined from 20% to
3%; in the San Diego area, from 10% to 0.3%; at San
Nicolas Island, from 10% to 0.2%; and at Santa Cruz
Island, from 7% to 0.1%.
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Figure 4. California sea urchin landings, 1971-93.

Pink, green, and black abalone were also landed com-
mercially. All 1993 southern California Jandings reflect
a continued decline from the previous year: pink abalone
declined from 8 MT in 1992 to 7 MT; green abalone
declined from 5 MT to 3 MT; and black abalone de-
clined from 17 MT to 0.9 MT. Part of this decline was
attributed to a statewide closure on sport and commer-
cial take of black abalone. The closure was imposed in
July 1993 to allow recovery for survivors of a disease
known as withering syndrome, which continued to dec-
imate black abalone populations at the Channel Islands
and off the California mainland.

Average ex-vessel prices in 1993 increased by 29%
from 1992 to $6.98 per pound, reflecting increasing
worldwide demand. Thus the ex-vessel value of abalone
landings rose to $3.1 million from $2.8 million in 1992
despite declining landings. Since 1983, ex-vessel prices
have risen by 239%, while inflation grew by only 52%
as measured by the California Consumer Price Index.

SEA URCHIN

In 1993, California landings of red sea urchin
(Strongylocentrotus franciscanus) totaled 12,046 MT, 18%
less than the 1992 total of 14,655 MT. Southern Cali-
fornia landings decreased by 6% from the previous year,
while northern California landings decreased by 38%
(figure 4).

Catch per unit of effort (CPUE), in kilograms per
diving hour, decreased in northern California from 144
kg per hour in 1992 to 112 kg per hour in 1993, and
was dramatically less than the high rate of 311 kg per
hour in 1988 (figure 5). Southern California CPUE de-
creased from 106 kg/hr in 1992 to 93 kg/hr in 1993,
continuing a slow decline from the high rate of 149 kg/hr
in 1989 (figure 5).

The number of sea urchin permits declined from 548
permittees and 84 apprentices in the 1992-93 season to
520 permittees and 77 apprentices during the 1993-94
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Figure 5. California sea urchin catch per unit of effort, 1987-93.

season, a number considered too high, and well above the
original target of 400 permits. The California Fish and
Game Commission canceled the apprentice diver pro-
gram in March 1994. Current apprentices will be granted
full permit status, and no new permits will be issued
until the number drops below the new target of 300.

The purple sea urchin (Strongylocentrotus purpuratus),
a smaller species with less roe, is more difficult to process.
Although interest in this species has increased in recent
years, the market for purple urchins is still limited.
Statewide, purple sea urchin landings decreased from 143
MT in 1992 to 49 MT in 1993. As the availability of
red sea urchins continues to decline, harvest of purple
sea urchins may increase, especially if harvesting and pro-
cessing economics become favorable.

SEA CUCUMBER

Statewide, sea cucumber landings were 291 MT in
1993, an increase of 28 MT over 1992 landings. The catch
comprised 12 MT of warty sea cucumber (Parastichopus
parvimensis) and 279 MT of California, or giant red, sea
cucumber (P californicus). Commercial divers in south-
ern California harvested the giant red sea cucumber by
hand; trawlers harvested the warty cucumber. Most sea
cucumbers were landed in the ports of San Pedro and
Santa Barbara. The main fishing grounds for the giant
red sea cucumber were the Santa Barbara Channel and
the Santa Catalina Channel, at depths of 30 to 90 fath-
oms. Warty sea cucumbers were harvested as far south
as San Diego, but most were taken from waters off the
northern Channel Islands.

The average price for warty sea cucumbers was $0.66/1b
and ranged from $0.30 to $0.90/1b; the average price for
California sea cucumbers was $0.62/1b and ranged from
$0.20 to $0.70/Ib. The warty variety sold at a slightly
higher average price because of a thicker, meatier body
wall that yields a higher-quality food product. Most of
the sea cucumbers were dried and exported to Hong
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Figure 6. California sea cucumber landings, 1984—93.

Kong and Taiwan. The end product, called trepang, sold
for $4.00 to $13.00/1b. A small portion of the harvest
was distributed and sold within the United States.

The sea cucumber fishery began in California near
Los Angeles around 1978, and averaged under 45 MT
annually until 1982, when a trawl fishery developed near
Santa Barbara. During the next ten years, annual land-
ings increased gradually (figure 6). In 1991, an influx
of trawlers, predominately out of the Los Angeles port
area, greatly expanded the fishing effort and catch. From
1991 through 1993, sea cucumber landings exceeded
260 MT (figure 6). Since the 1992-93 season, the fish-
ery has been a limited entry fishery based on a previous
minimum sea cucumber landing of 50 pounds. There
were 86 permittees in 1993. Landing receipt data indi-
cate that 27 trawlers and 20 dive boats actively partici-
pated in the fishery during 1993.

Warty sea cucumbers inhabit the ocean bottom from
the intertidal zone out to 27 meters, and range from
Monterey Bay to Baja California. The species is un-
common north of Point Conception. Giant red sea cu-
cumbers inhabit the subtidal zone out to 90 meters, and
range from the eastern Gulf of Alaska to Baja California.
Both species feed on surface organic nutrients from mud,
sand, and detritus. Warty sea cucumbers migrate annu-
ally between their shallow- and deep-water depth limits.
Fishers claim that giant red sea cucumbers make similar,
large-scale movements over varying depth ranges, but
this has not been verified by research.

Sea cucumbers have a short life span, low age of ma-
turity, sporadic recruitment, and high natural mortality.
Species with these characteristics can be vulnerable to
overfishing, but it is expected that the southern California
populations of warty and giant red sea cucumber can
sustain current harvest levels, because of permit restric-
tions placed upon the fishery. Northern California dive
fishery landings have leveled off and appear to be sus-
tainable unless harvest restrictions for the northern
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Figure 7. California spiny lobster landings, 1974-93.

California sea urchin fishery redirect that effort to the
sea cucumber resource.

CALIFORNIA SPINY LOBSTER

During the 1992-93 commercial fishing season, spiny
lobster (Panulirus interruptus) landings totaled 244 MT—
24 MT (9%) less than the 268 MT landed in 1991-92
(figure 7). The 1992-93 landings were above the 1974 —92
average of 209 MT. The historic high catch of 500 MT
was recorded during the 1949-50 season.

Since 1974, landings during the first two months of
the season have consistently made up over 50% of the
season’s total. During the 1992-93 season 62% of the
total was landed in the first two months.

Starting in 1965, permits were required for com-
mercial lobster trapping, and the number of permits
ranged from a low of 180 in 1970-71 (when a $100 fee
was instituted) to 614 in 1968—69. For the 1992-93 sea-
son 329 permits were issued, representing a decrease of
8% from the previous season.

From 1952 to 1970, the total ex-vessel value of the
fishery ranged between $250,000 and $500,000. Since
then, total landings value increased to a high of $4 mil-
lion in 1990. Ex-vessel prices in the fishery were $6.43
per pound for the 199293 season and totaled $3.3 mil-
lion, a decrease of 17% from the previous season.

Spiny lobsters were also taken by recreational fishers,
mostly scuba divers, but hoop netting was popular in a
few areas, especially San Diego Bay. During the 1992-93
spiny lobster season, CDFG conducted dockside inter-
views (intercept program) and mailed survey question-
naires to recreational lobster fishers. Analysis of data from
the intercept program, mail surveys, and commercial pas-
senger dive boat (CPDB) logbooks for the 1992-93 sea-
son revealed that most recreational lobster fishers caught
one lobster per trip. Catch and effort analysis for the
recreational fishers revealed patterns similar to those ob-
served in the commercial fishery, with decreasing catch
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Figure 8. California commercial salmon landings, 1980-93.
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Figure 9.  California recreational salmon landings, 1980-93.

and effort as the season progressed. Unlike the com-
mercial fishery, however, the recreational fishing effort
and subsequent catch increased during the final weeks
of the season.

SALMON

During an estimated 24,800 days fished in 1993, the
California commercial saimon fishery landed slightly over
2.4 million pounds of chinook salmon (Oncorhyncus
tshawytcha; figure 8). No commercial landings of coho
salmon (Oncorhyncus ksutch) were permitted. California
recreational anglers caught 108,400 chinook and 29,700
coho salmon during 174,000 angler trips (figure 9).

Because six years of drought had reduced salmon avail-
ability, very restrictive commercial and recreational ocean
salmon regulations were implemented to ensure annual
escapement goals in the Klamath and Sacramento fall
chinook stocks. These stocks represented most of Cali-
fornia’s ocean salmon landings. The Klamath fall chi-
nook escapement goal was 35,000 natural spawners, and
the Sacramento fall chinook goal was 122,00—180,000
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spawners. The commercial fishery operated under var-
ious time and area closures between May 1 and September
30, 1993.

Ex-vessel prices for salmon, eviscerated and cleaned
at sea, were $2.25 per pound, and total ex-vessel value
was $5.4 million.

Recreational fishery regulations were less restrictive
than in 1992, although a few restrictions north of Point
Conception remained unchanged (barbless hooks, daily
bag limit of two salmon, and a minimum size limit of
20 inches).

Recreational chinook landings at southern ports to-
taled 103,500 fish and were 46% higher than the 1992
landings of 71,000 fish. Recreational angler effort in the
south totaled 140,300 angler trips, compared to 109,600
trips in 1992. The chinook catch per angler trip aver-
aged 0.74 fish, compared to 0.65 fish in 1992, R ecreational
coho landings in the south totaled 15,400 fish, about
three times more than the 1992 landings. The recre-
ational chinook fishery opened with a catch quota of
12,000 fish, a daily bag limit of one salmon, and a clo-
sure of Sunday through Tuesday each week.

Northern recreational landings totaled 7,500 chinook
and 19,000 coho, compared to 3,800 chinook and 8,200
coho in 1992. Angler effort was 51,300 trips in 1993,
about 2.3 times greater than the 1992 effort of 21,900
trips. In September, 1,100 chinook and 1,400 coho were
caught in the general area fishery, during 6,100 angler days.

LIVE-FISH FISHERY

The commercial fishery to catch and sell live fish con-
tinued to expand in California. In 1993, statewide land-
ings for live fish were estimated at 216 MT, 17% more
than in 1992 (table 6). The live-fish fishery began in
1988, mainly for the California Asian community. For
this market, popular fishes are those that look attractive
and can withstand the rigors of capture and transporta-
tion. Optimum weight ranges between 1 and 3 pounds,
a suitable single entrée size at Asian restaurants. Ex-ves-
sel prices ranged from $2.00 to $7.00 per pound. Larger
fish were also sold live, but at a considerably reduced
price. Prices fluctuated with market demand, fish size,
fish condition, and weather conditions. Demand for live
red rockfish increased toward the lunar New Year cele-
brations, and ex-vessel prices rose above $6.00 per pound.

Live-fish landings in southern California (Morro Bay
south) totaled 190 MT, 23% more than in 1992 (figure
10). Most landings were made with hook and line gear
until 1989, when finfish traps were used to catch sheep-
head. Use of traps grew rapidly; by 1993 over 60% of
live sheephead were caught with trap gear. Traps used
for finfish are constructed like lobster traps, but varia-
tions abound as this fishery continues to develop. Target

species for both gear types included California sheep-

TABLE 6
Preliminary 1993 Landings of Live Fish (Metric Tons)
Southern Northern
California California
California sheephead 97 0
Cabezon 15 0
Rockfishes 68 25
All others 10 1
Total 190 26
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Figure 10. California live-fish landings, 1988—93.

head; cabezon; California scorpionfish; treefish (Sebastes
serriceps); and kelp (S. atrovirens), brown, grass (S. rastrel-
liger), and gopher rockfishes. Gill nets and trawls for
live California halibut (Paralichthys californicus) were used
near Ventura and Los Angeles, but total catch was not
substantial.

Live-fish landings in northern California (north of
Morro Bay) totaled 26 MT, 12% less than in 1992 (figure
10). Landings were made primarily by hook and line ves-
sels using vertical longlines and troll longlines to harvest
rockfish along nearshore rocky reefs and offshore banks.
Principal rockfishes caught were canary (Sebastes pinniger),
gopher (S. carnatus), brown (S. auriculatus), China (S. neb-
ulosus), copper (S. caurinus), and quillback (S. maliger).

Monitoring and accurate data collection was diffi-
cult for this fishery because live-fish landings were not
separated from dead-fish landings in the database. For
this reason, CDFG developed and implemented new
landing receipts that differentiate live fish from dead fish.

Management recommendations were drafted to reg-
ulate the live-fish trap fishery because of potential effects
on sheephead populations. Proposed restrictions include
a limited-entry program, limitations on number of traps,
and construction requirements for traps.

RECREATIONAL FISHERY

California’s large, diverse, marine recreational fish-
ery includes skiff, beach-and-bank, pier, and commer-
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TABLE 7
Commercial Passenger Fishing Vessel Landings
1993 Provisional 1992 Final

Species/Species-group Number of fishes* Rank Number of fishes* Rank
Rockfishes (misc.) 1,535,229 (23,271) 1 2,051,576 (28,710) 1
Pacific mackerel 396,950 (8,387) 2 327,747 (242) 4
Kelp bass 333,313 (4,115) 3 463,673 (12,838) 2
Barred sand bass 306,363 (4,199) 4 363,304 (3,047) 3
California barracuda 198,943 (4,122) 5 248,055 (6,198) 5
Pacific bonito 119,201 (6,934) 6 115,866 (5,410) 6
Salmon (misc.) 69,376 1) 7 43,384 n 10
Spotted scorpionfish 64,194 (12,031) 8 77,290 (12,128) 7
Halfmoon 54,622 (11) 9 42,372 1) 12
Ocean whitefish 38,247 (959) 10 40,702 (707) 14
Lingcod 33,760 (230) 11 43,251 (264) 11
Yellowtail 32,020 (16,546) 12 40,834 (32,986) 13
Yellowfin tuna 26,065 (26,015) 13 73,739 (58,282) 8
California sheephead 23,964 (983) 14 25,778 (1,367) 15
Skipjack tuna 20,454 (15,811) 15 52,302 (25,976) 9
White croaker 11,274 16 4,824 21
Bluefin tuna 9,964 9,716) 17 8,586 (5,261) 17
Dolfinfish 8,035 (7,353) 18 22,727 (20,815) 16
Jack mackerel 7,198 20y 19 1,806 26
Flatfishes (misc.) 6,319 @) 20 7,365 18
Blacksmith 5,689 21 6,369 19
California halibut 5,083 (40) 22 4,341 (30) 22
Sharks (misc.) 3,766 (10) 23 3,518 ) 24
Croakers (misc.) 3,682 (298) 24 2,315 (96) 25
Wahoo 3,207 (2,638 25 3,924 (3,736) 23
All others 13,923 (1,017) — 15,121 (827) —
Totals 3,330,841 (144,714) 4,090,769 (218,931)

*Numbers in parentheses are fish caught in waters south of California (mainly off Mexico).

cial passenger fishing vessel (CPFV) modes. The CPFV
fleet accounts for a substantial proportion of California’s
landings (table 7). In southern California, CPFVs fish
for albacore (Thunnus alalunga), Pacific bonito (Sarda
chiliensis), yellowtail (Seriola lalandei), California barracuda
(Sphyraena argentea), yellowfin tuna (T, albacares), Pacific
mackerel (Scomber japonicus), rockfishes (Sebastes spp.),
barred sand bass (Paralabrax nebulifer), and kelp bass (P
clathratus). In central and northern California, CPFVs
fish for salmon (Oncorhyncus spp.), striped bass (Morone
saxatilis), rockfishes (Sebastes spp.), lingcod (Ophiodon
elongatusy, and white sturgeon (Acipenser transmontanus).

In 1992, above-normal sea-surface temperatures,
caused by an El Nifio event, and a six-year drought in-
fluenced fishing conditions by displacing some pelagic
fish stocks northward. In 1993, fishing conditions were
influenced by sea-surface temperatures that were re-
turning toward normal and by a substantial rainy season.
The more normal sea-surface temperatures had a neg-
ative effect on the CPFV industry, because some of the
more desirable surface gamefish were less available, es-
pecially in southern California.

There were 13% fewer anglers (555,359) in 1993 than
in 1992, and total catch declined by 19%, to 3,330,841
fish (table 7). Of the twenty-five most prominent fish
species and species-groups ranked in the catch, fifteen
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had lower catches than during 1992. Most notably, yel-
lowfin tuna and dolfinfish (Coryphaena hippurus) both
declined by 65%, and skipjack tuna (Euthynnus pelamis)
declined by 61%. Others with moderately lower land-
ings in 1993 were kelp bass (28% decline), rockfishes
(25%), yellowtail and lingcod (both 22%), and California
barracuda (20%). On a positive note, ten species and
species-groups had higher landings in 1993 than in 1992:
jack mackerel (Trachurus symmetricus) increased by 75%;
white croaker (Genyonemus lineatus) by 57%; salmon by
38%; and croakers (Sciaenidae) by 37%. Others with
moderately higher landings in 1993 were halfmoon
(Medialuna californiensis), which increased by 22%, Pacific
mackerel, by 17%; California halibut (Paralichthys cali-
fornicus), by 15%; and bluefin tuna (T. thynnus), by 14%.

Contributors:

R. Ally, CPFV

K. Barsky, shark/swordfish

T Bishop, Pacific sardine

A. Grover, salmon

D. Hanan, editor

S. Harris, lobster

J. Hernandez, California halibut
K. Karpov, abalone

E. Konno, Pacific mackerel
K. McKee, live fish

D. Ono, sea cucumber

L. Quirollo, Pacific whiting
C. Ryan, Pacific herring

I Taniguchi, sea urchin

D. Thomas, groundfish

R. Warner, Dungeness crab
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THE STATE OF THE CALIFORNIA CURRENT IN 1993-1994
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ABSTRACT

This report is a summary and preliminary interpre-
tation of recent shore-station and shipboard observations
made of the coastal waters of California. The emphasis
is upon data currently being collected by the CalCOFI
(California Cooperative Oceanic Fisheries Investigations)
program. The California Current was affected by El
Nifio conditions in 1992 and 1993, which were evident
as elevated coastal sea level; widespread positive sea-
surface temperature anomalies; a thicker mixed layer and
deeper nutricline; and relatively low values of chloro-
phyll, primary production, and macrozooplankton bio-
mass. A strong and broad inshore countercurrent was
evident in January and February of 1992 and 1993.
During 1992 and 1993, anomalies in coastal sea level
and the circulation pattern were most pronounced dur-
ing late winter to early spring, and structure during the
remainder of the year was less extreme. A different pat-
tern is developing in 1994. The inshore countercurrent
was absent in January 1994, and coastal sea level was
anomalously low. Mesoscale physical structure of the
California Current was strong during the entire period
described here. A particularly striking feature is the sharp
coastal meander, which was first sampled during October
1993 and which remained evident through March 1994.

RESUMEN

Este reporte ofrece un resumen e interpretacion pre-
liminar de observaciones obtenidas en estaciones litorales
y buques en aguas costeras de California. El enfoque es
en los datos que estan siendo colectados por el programa
CalCOFI (“California Cooperative Oceanic Fisheries
Investigations”). Las condiciones El Nifio en 1992 y 1993
influenciaron a la Corriente de California; estas condi-
ciones se revelaron como un nivel del mar elevado, condi-
clones extendidas de anomalias positivas de temperatura
del agua superficial, capa de mezcla mas gruesa y nutra-
clina mas profunda, y valores relativamente bajos de clo-
rofila, produccién primaria y macro-zooplancton. En
Enero y Febrero de 1992 y 1993 hubo evidencia de una
contra-corriente fuerte cercana a la costa. Du rante 1992
y 1993 las anomalias en el nivel del mar y el patrén de
circulaciéon costero fueron mis pronunciados de finales
de invierno a principios de verano, mientras que el resto
del afio la estructura fué menos marcada. En 1994 se esta
desarrollando un esquema distinto; en Enero no hubo
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contra-corriente cercana a la costa y el nivel del mar se
mantuvo anormalmente bajo. Durante todo el intervalo
aqui descrito, la estructura fisica de la Corriente de
California en la meso-escala fué marcada. Una carac-
teristica que llama la atencidon es un meandro costero
bien definido que en un principio fué muestreado en
Octubre de 1993 y que persistia hasta Marzo de 1994.

INTRODUCTION

This report summarizes recent coastal and shipboard
observations of the physical, chemical, and biological
state of the California Current system. Data collected
from July 1992 through April 1994 on CalCOFI (Cali-
fornia Cooperative Oceanic Fisheries Investigations)
time-series survey cruises are emphasized. This is an
introduction to the data being collected, and an attempt
to make these timely observations more accessible to re-
searchers and other users of the coastal ocean. This re-
port follows a summary of the structure of the California
Current region in 1991 and early 1992 (Hayward 1993).
A brief interpretation of these data is presented in light
of the impact of the 1992-93 El Nifio event.

DATA SETS AND ANALYTICAL TECHNIQUES

Coastal sea level is measured continuously at several
tide gauge stations. Data from La Jolla and San Francisco
are used in this report as examples of southern and north-
ern coastal sites. These stations have long time series
which can be used for comparison with the recent data.
The data shown in this report are corrected for the sec-
ular rise in sea level (Roemmich 1992). Anomalies from
the monthly mean sea level were calculated by subtracting
the long-term mean (1925-91 for La Jolla and 1900-90
for San Francisco).

Sea-surface temperature (SST) and salinity are also
measured daily at several coastal stations (Walker et al.
1992). SST data from La Jolla (SIO Pier) and Pacific
Grove are given in this report to complement the coastal
sea-level data. SST and daily anomalies are calculated
from the long-term harmonic mean temperature (1916—
93 for La Jolla and 1919-93 for Pacific Grove).

The CalCOFI monitoring program started in 1949;
a brief history and description of the program is given
by Hewitt (1988). The present form of the sample
grid (figure 1) and the program of quarterly sampling,
(typically in January, April, July, and October) was
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Figure 1. Cruise track for CalCOFI cruise 9207, July 1992, as an example of the present CalCOFI station plan. Core measurements
at each station consist of a CTD/Rosette cast, an oblique bongo net tow, and a surface net tow. Continuous measurements of light,
ADCP currents and backscatter intensity, as well as nearsurface temperature, salinity, chlorophyll fluorescence, and dissolved oxygen

are made along the cruise track.

established in 1985. Lines are spaced at 40-nautical-mile
(74 km) intervals, with stations spaced at 40 n. mi. inter-
vals in the offshore region and at 8-20 n. mi. (15-37
km) intervals near the coast. This pattern has been occu-
pied for the last ten years, and a set of “core” data has
been collected with comparable techniques. Cruises are
designated by year and month; e.g., cruise 9401 sampled
in January 1994. Station locations are designated by a
line and station number; e.g., 90.60 is station 60 on line
90, which is located due west of San Diego (figure 1).
Descriptions of CalCOFI data given in this report dis-
cuss sections along a line (e.g., along line 90) as well as
stations (e.g., inshore of station 60).

The core time-series data now collected at each
CalCOFI station include a CTD/Rosette cast with sen-
sors for pressure, temperature, salinity, dissolved oxygen,
PAR (photosynthetically active radiation), fluorescence,
and transmissivity. Water samples are collected with 10 1
sample bottles on the rosette at 20 depths in the upper
500 m for determinations of salinity, dissolved oxygen,
nutrients (NO,, NO,, PO, S103), phytoplankton pig-
ments (chlorophyll a and phaeophytin), and primary
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production (**C uptake at one station per day). Oblique
and surface (neuston) net tows (505 pm mesh) are taken
at each station. Continuous near-surface measurements
of temperature, salinity, dissolved oxygen, and chloro-
phyll fluorescence are made from water pumped through
the ship, and the data are logged at one-minute inter-
vals. Surface PAR and acoustic Doppler current profiler
(ADCP) data are also recorded continuously. The ADCP
data provide a measure of zooplankton biomass based
upon acoustic backscatter, as well as a measure of upper-
ocean currents. The most recent data presented here are
preliminary, and some changes may be made after the
final processing and quality control checks. The meth-
ods are described in more detail in the CalCOFI cruise
data reports (e.g., Scripps Institution of Oceanography
1993a). Several cooperative research programs on recent
CalCOFI cruises collected additional data, including bird
observations, phytoplankton species composition, cope-
pod egg production, full-depth CTD casts (FastFish),
spectral light, physiological properties of the phyto-
plankton, and observations with an in situ optical par-
ticle counter.
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Figure 2. Coastal sea level at La Jolla and San Francisco. Panels on the left show the annual mean sea level; the solid /ine shows the linear regression for the

secular rise in sea level for 1925-91 at La Jolla and 1900-90 at San Francisco. Panels on the right show the monthly anomalies in sea level for San Francisco and
La Jolla for 1992—-94. Monthly anomalies are the deviations from the long-term monthly mean, corrected for the secular rise.

Shipboard ADCP velocity data were collected and
analyzed on CalCOFI cruises 9310 and 9401 as part of
the pilot study for the WOCE time series station, PRS3.
Velocities have been corrected for calibration (scale fac-
tor) and transducer misalignment (Kosro 1985; Pollard
and Read 1989), and navigated from ship relative to ab-
solute currents using GPS position measurements (Bahr
and Firing 1989). Potential bias errors from noise and
filter skew were minimized through selection of pro-
filer parameters affecting filter tracking—bin and pulse
length, signal-to-noise screening, low-pass filter band-
width, and tracking parameters (Chereskin and Harding
1993). These data are preliminary in that no corrections
or filtering for tides and inertial oscillations have been
applied. For this report, velocities were vector averaged
and gridded every 0.1 degree in latitude/longitude along
the ship track.

Vertical profiles of temperature and salinity from hy-
drographic (CTD bottle trip) data are compared to the
long-term mean distributions by comparing the observed
values with the long-term (1950-92) harmonic means
calculated at standard depths for the midpoint of the
cruise (Lynn and Simpson 1987). These anomalies show

how the structure during a cruise differed from the
long-term mean pattern for that month. Monthly mean
values (1951-84) for the station grid have also been
calculated for macrozooplankton biomass. Chlorophyll
and primary production were not measured in the early
years of CalCOFI, so their time series is insufficient to
properly estimate the monthly mean. Cruise mean val-
ues of chlorophyll and primary production are compared
with the data taken since 1984.

The data, station plan, and methods for CalCOFI sur-
vey cruises are published in cruise data reports (Scripps
Institution of Oceanography 1993a, b). CalCOFI hydro-
graphic data are also available on the Internet via the
Nemo hydrographic data server at Scripps Institution of
Oceanography. These data can be accessed via telnet to
nemo.ucsd.edu; using username: info. The cruise data
reports can be cited as a source of data and methods.

EVOLUTION OF STRUCTURE

Coastal Shore Stations

The annual mean coastal sea level was anomalously
high in 1992 and 1993 at La Jolla and San Francisco (fig-
ure 2). The high sea level in the annual means was mostly
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Figure 3. Sea-surface temperature at La Jolla (SIO pier) and Pacific Grove. The upper curves in each panel show the daily temperature and the long-term har-
monic mean daily temperature for 1916-93 for La Jolta and 1919-93 for Pacific Grove. The lower curve shows the daily temperature anomaly from the harmonic

mean.

due to large positive anomalies in the first few months
of each year, with smaller positive values during the re-
mainder of the year. The annual pattern was similar at
both sites. Sea level in early 1994 was anomalously low
at both sites.

Coastal surface temperatures at both La Jolla and Pacific
Grove were anomalously high during most of 1992 and
1993 (figure 3). The exceptions were periods during
summer 1992 when temperatures fluctuated about their
seasonal norms. These coastal temperature records re-
flected large-scale and persistent anomaly patterns in the
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eastern North Pacific (Climate Diagnostic Bulletins,
monthly). By March of 1992 positive SST anomalies de-
veloped along the western seaboard from central Mexico
to the Alaskan border. The anomalies continued to in-
crease in magnitude and to expand to the north to in-
clude Alaska and to the south to include the separately
developing equatorial warming. The positive anomalies
occupied the eastern third of the temperate North Pacific.
By summer, magnitudes decreased but the overall pat-
tern continued. Some coastal areas had below-normal
SSTs only in September. Larger anomalies occurred again
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in the early months of 1993, and widespread positive
anomalies continued through to the latest observations
in April 1994.

Cruise Data

Cruise means of vertically integrated chlorophyll, ver-
tically integrated primary production, and macrozoo-
plankton biomass generally fell within the scatter of the
preceding years, but values during 1992-94 were on the
low side of the range (figure 4). The main seasonal pat-
tern in each property was a spring-summer maximum
(which may be either absent or unsampled in some years).
Fall and winter values were generally low. The quarterly
CalCOFI cruises are too widely spaced to properly sam-
ple the annual cycle, and short-term seasonal blooms
could easily be missed with this sampling scheme. Com-
parison with the 1951-84 monthly means shows that
macrozooplankton biomass was anomalously low during
the entire 1984—94 period (Roemmich and McGowan
1994).

Chronological Summary

The following is a chronological summary of the struc-
ture on each CalCOFI cruise, with emphasis upon the
circulation pattern and its relation to biological patterns.
These observations followed the early part of 1992—a
period of El Nifo conditions in the California Current
characterized by anomalously warm water and elevated
sea level (Hayward 1993). Chlorophyll and primary pro-
duction were low. There was an anomalously strong
inshore countercurrent. Conditions changed abruptly in
April 1992, when the more typical pattern of strong
southward flow of low-salinity water of the California
Current returned, and chlorophyll and primary pro-
duction increased. The positive anomalies of both coastal
sea level and SST dropped markedly in April 1992.
9207. In July 1992, southward flow of the low-salin-
ity core water of the California Current was split into
two jets and altered by three cyclonic eddies (figure 5).
Comparison with the harmonic mean dynamic height
field shows that dynamic height was higher than nor-
mal, with the largest anomalies in the middle of the pat-
tern. This suggests that there was weaker-than-normal
southward flow in the outer part of the pattern, and
stronger-than-normal flow around stations 50 and 60.
Ten-meter temperature was lower than normal inshore
of the main flow of the California Current along the
coast from Santa Barbara to Del Mar. The mixed layer
was warmer than normal over the remainder of the pat-
tern. Ten-meter chlorophyll was also relatively high (val-
ues greater than 1 pg 171) in the entire coastal region.
9210. In October, there was a southeastward-flowing
jet of low-salinity water in the middle of the pattern.
The three cyclonic eddies observed during July appeared
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Figure 4. Cruise means of vertically integrated chlorophyll, vertically inte-
grated primary production, and macrozooplankton biomass plotted versus the
month of the cruise. Each point represents the mean of all of the measure-
ments made on a single cruise. The solid squares show cruises that took
place from 1984 to 1991; open symbols show values from 1992 to 1994. The
monthly mean macrozooplankton biomass for the study area from 1951 to
1984 is shown as the solid line.

to still be present, but weaker than before (figure 6).
Dynamic heights remained above normal, with maxi-
mum anomalies in the offshore region. The anomaly
pattern is consistent with stronger-than-normal south-
ward flow around stations 70 to 90, and stronger-than-
normal northward flow in the inshore parts of lines 87
to 93. Ten-meter temperature was greater than normal
over most of the grid, except for a band along the coast,
where patches with large negative anomalies were ob-
served. Ten-meter chlorophyll was generally low through-
out the sample grid, with values greater than 1 pg 17!
evident only in the coastal area near Point Conception.
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Figure 5. Spatial patterns for CalCOFI cruise 9207, 2-16 July 1992, including upper-ocean flow field derived from 0 over 500 m dynamic height anomalies, long-
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chlorophyll.
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9301. The January 1993 dynamic height field shows
that there was a well-developed northward-flowing in-
shore countercurrent, and southward flow of the low-
salinity water of the core of the California Current in
the center of the grid (figure 7). The Southern California
Eddy was broad, with a broad band of northward flow
from the coast to offshore of the Channel Islands. This
pattern was quite similar to the long-term mean field,
although both the inshore countercurrent and the off-
shore flow of the California Current were stronger than
normal. In contrast to other seasons, there is no south-
ward flow on the Southern California Shelf. The pat-
tern of a strong and broad inshore countercurrent was
similar to that of January 1992 (Hayward 1993). Enhanced
poleward flow in the coastal region in both years coin-
cided with anomalously high sea level at La Jolla and San
Francisco. The ten-meter temperatures were slightly
above normal for most of the pattern. Mixed-layer chloro-
phyll was low throughout the grid, with values greater
than 1 pg 17! evident at only a few coastal stations.
Sections of several properties along CalCOFI line
90 are given in the SIO cruise data report series. We cal-
culated vertical sections of temperature and salinity anom-
alies from the long-term harmonic mean to complement
a selection of these sections given in figure 8. The bound-
ary between the coastal countercurrent and the south-
ward flow of the California Current at station 90.70 1s
evident in these sections as a sharper slope in the ther-
mocline and nutricline. Temperature was anomalously
low in the upper thermocline at station 90.70 because
of the shoaling of the thermocline. Temperature was
anomalously high over most of the section, with the
largest anomalies at the top of the thermocline (as is ex-
pected in conditions where the mixed layer 1s warmer
and deeper than normal). Salinity was slightly lower than
normal over most of the section.
9304. In April 1993 the inshore countercurrent was
absent, as it 1s in the long-term mean for April, at which
time the Southern California Eddy is weakly devel-
oped or absent (figure 9). The southward flow of the
California Current was stronger than normal. Southward
flow throughout the sample grid was perturbed by two
mesoscale eddies in the offshore region. The strong south-
ward flow near Point Conception was consistent with
local upwelling in the region. Ten-meter temperature
was anomalously high over most of the grid, except in
the northern area along the coast. Chlorophyll levels
were quite high on this cruise, with values greater than
8 ug 17! evident in the coastal region near Point
Conception. Elevated chlorophyll was consistent with
the return to a more normal circulation pattern because
shoaling of the pycnocline and nutricline associated with
southward flow brings nutrients closer to the euphotic
zone.
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The vertical sections along line 90 were strongly in-
fluenced by the mesoscale flow field. The strong eddy
at station 70, and coastward flow inshore of this per-
turbed the normal onshore-offshore gradients in vertical
structure (figure 10). East-west gradients in temperature,
salinity, and nutrients were weak along the section.
Temperature was anomalously high in the inshore re-
gion of the section, but there were anomalously cool
pools in the upper thermocline in the offshore region
where the thermocline had shoaled in association with
the circulation pattern. Salinity was again anomalously
low throughout the section.

9308. Values of dynamic height were approximately 9
dynamic cm higher in 9308 (figure 11) than in the long-
term mean for July (figure 5), reflecting the generally
thicker and/or warmer surface layer. Although roughly
similar 1n pattern to the long-term mean, the inshore
countercurrent was broader, and the Southern California
Eddy was enlarged. A strong cyclonic eddy dominated
the offshore edge of the California Current jet (along
line 90), a pattern very similar to that found during the
9304 survey (figure 9). Ten-meter temperatures were
above mean values along the southern California coast
and in two offshore-tending E-W bands. Ten-meter
temperature was well below normal in the Santa Barbara
Channel and in the middle part of the pattern. Ten-
meter chlorophyll was relatively high near Point
Conception, and low over the remainder of the grid.
The 100 m temperature field is sometimes used as a proxy
to indicate pycnocline topography and the pattern of
surface flow. Temperature data are usually available at an
early stage of data processing. As in this example, the 100
m temperature pattern is usually a good indicator of
the surface circulation pattern.

9310. As found in the long-term mean pattern for
October (figure 6) there is a fully developed inshore
countercurrent during October 1993 as well as the equa-
torward-flowing California Current jet (figure 12). The
gradients are larger, however, indicating stronger flow
both poleward and equatorward. A cyclonic eddy is partly
resolved at the outer edge of the pattern (lines 87 and
90); perhaps this is the same feature found in the previ-
ous two surveys. The California Current jet is greatly
distorted by a large shoreward meander. In the long-
term mean there is a shoreward turn to the current im-
mediately south of the present grid (Lynn et al. 1982).
The position and strength of the feature found in 9310
1s highly anomalous. Ten-meter temperature anomalies
were mostly positive throughout the sample grid, with
Santa Monica Bay having the greatest values of 2.3°C.
Ten-meter chlorophyll was low over most of the grid,
with values greater than 1 ug 17! evident only in the
coastal area near Point Conception. Pattern in the flow
field derived from dynamic height is compared with the
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upper-ocean flow field at 25 m derived from ADCP
data. ADCP data provide point estimates of the actual
flow in one depth zone in the upper ocean. The agree-
ment throughout the grid is good.

9401. In January 1994, southward flow of the low-
salinity core of the California Current was perturbed by
a series of mesoscale eddies throughout the sample grid
(figure 13). The flow field derived from dynamic heights
was very much the same as given in the 20-25 m depth
zone derived from ADCP data. The lack of a well-
developed inshore countercurrent was anomalous when
compared to the long-term mean pattern (shown in fig-
ure 7). Ten-meter temperature was generally between
1° and 2°C warmer than normal in the offshore region,
and between 0.5° and 1°C warmer than normal near the
coast. Ten-meter chlorophyll was generally low through-
out the sample grid, with values less than 0.5 pg 171,
except at several of the most nearshore stations, where
high values were seen. The sharp eastward bend of the
California Current between lines 83 and 87 was again
a prominent feature of the flow field. This appeared to
bring offshore water near to the coast in the southern
California coastal region.

9403. The dynamic height data from March 1994 were
not available as this manuscript was being prepared, so
the 100 m temperature was used as a proxy to infer the
flow field. The inferred flow was primarily to the south,
with some indication of a weak coastal countercurrent.
There was a cyclonic eddy located on the outer stations
of line 87. The coastal bend of the California Current
was still present in the middle of the sample grid (figure
14). The upper layers were still anomalously warm over
much of the grid. Chlorophyll values were relatively high
in the coastal region in the northern part of the sample
grid, where surface waters were relatively cool.

DISCUSSION

A strong tropical El Nifio episode began in the fall of
1991 and, after a return to near normal conditions in
the summer of 1992, developed a second punch in late
1992 (Climate Diagnostic Bulletin numbers 91-9 to 92-
12). El Nifo conditions continued until the end of 1993
(Climate Diagnostic Bulletin numbers 93-1 to 93-12).
The large-scale impact of El Nifio upon coastal sea level
and SST off North America was evident in January 1992
(Hayward 1993). The regional effects oft California,
Oregon, and Washington include changes in the large-
scale atmospheric pressure pattern (and hence gradient
winds), reduced upwelling or increased downwelling,
anomalously high sea level and SST, thickened surface
mixed layer, depressed nutricline, and episodic en-
hancement of the inshore countercurrent. SST and sea
level were above seasonal norms during 1992 and 1993
at both La Jolla and San Francisco. The largest anom-
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Figure 13. Spatial patterns for CaiCOFI cruise 9401, 20 January-8
February 1994, including upper-ocean flow field derived from 0 over 500 m
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10 m temperature anomalies.
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alies in sea level and circulation occurred during late
winter—early spring of both 1992 and 1993. Following
a period of high coastal sea level and a broad inshore
countercurrent in January of each year, sea level and the
circulation pattern returned to much more typical pat-
terns in March or April. The return to a typical circu-
lation pattern was associated with a strong increase in
primary production and plankton abundance. This spring
increase could be called a spring bloom, but note that
the cruise means in these properties were still below
the higher values sampled in prior years, and macrozoo-
plankton was well below the values of the prior decades
throughout the period (Roemmich and McGowan 1994).
Coastal sea-level anomalies are a useful indicator of anom-
alies in the large-scale circulation pattern of the California
Current during the 1992-94 period (e.g., Reid and
Mantyla 1976). SST remained anomalously high during
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most of 1992 and 1993, and it thus gives a somewhat
different impression of structure than does coastal sea
level. It may be that the temperature anomalies are re-
lated to oceanographic conditions on a longer time scale.
Roemmich and McGowan (1994) observed a decline in
macrozooplankton over the last decade, along with an
increase in coastal temperatures.

The oceanographic structure in 1994 is developing
differently than in the two prior years. Sea level was
anomalously low in the early part of 1994 at both La
Jolla and San Francisco. The strong and broad inshore
countercurrent observed during the preceding Januaries
was weak or absent in January 1994. SST at the shore
stations was above normal at La Jolla and near normal at
Pacific Grove. SST patterns in the coastal waters began
to show evidence of returning toward seasonal norms in
April 1994 (INOAA/SWESC CoastWatch El Nifio Watch
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94-4). It 1s expected that properties influenced by the
northward advection along the coast will be less strongly
affected in 1994.

Similarities in mesoscale current structure from sur-
vey to survey suggest that some features evolve slowly
and persist over periods of months in the California
Current system. Although the spatial scale of the
CalCOFI grid is marginal in resolving mesoscale fea-
tures, large and strong features are evident. The eddies
observed during July and October 1992, and the cy-
clonic eddy seen in the offshore region in April, August,
and October 1993 are examples of features that appeared
to persist. There is no certainty, however, that the same
feature was sampled from cruise to cruise. It is known
that mesoscale eddies are more common in some regions
of the California Current than in others (Lynn and
Simpson 1987; Hayward and Mantyla 1990), and that
they persist for months (Koblinsky et al. 1984). The sharp
coastward bend of the California Current first observed
in October 1993 was another unusual feature of the cir-
culation that persisted for several months. The mean-
der can also be seen in the January 1994 dynamic height,
and the March 1994 100 m temperature field. This me-
ander will have the effect of transporting plankton and
other water properties characteristic of the offshore regime
of the California Current to more coastal areas.

It will be helpful to know more about the persistence
of mesoscale circulation features because they also strongly
affect biological structure (Simpson et al. 1984; Hayward
and Mantyla 1990). If it can be demonstrated that such
features commonly persist for periods of several months,
our ability to predict future pattern based upon the pre-
sent structure will be improved. Examination of satellite
images may help to determine the persistence of meso-
scale circulation features, especially after SeaWTIFES satel-
lite color-sensor data become available.

The observations presented here are examples of the
timely data that are available for the coastal ocean. The
data that are rapidly available are generally those which
are frequently collected, easy to process, and for which
there is a good processing and management scheme in
place. These timely data can be used to address ques-
tions that reflect the broad range of interests of the sci-
entific community and users of the coastal ocean. In
many cases, however, application of such data to the
questions at hand is difficult because the relation be-
tween the available data (e.g., temperature and sea level)

and the questions at hand (e.g., understanding the causes
and consequences of population fluctuations or detect-
ing anthropogenic change) is highly complex or poorly
known. Coastal data will be more widely applied to such
questions as data collection, management, and distribu-
tion schemes improve, and as relations between the prop-
erties that can be measured and the questions of interest
become more clear. Here we have described some of
the data collected at coastal stations and on CalCOFI
time series cruises, and we have attempted to show some
of the relations between the properties that are measured
and other aspects of coastal marine conditions.
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ABSTRACT

Estimates from virtual population analysis indicate that
Pacific mackerel (Scomber japonicus) biomass increased
during 1978-82 to the highest level on record (829,000
short tons), and then declined to less than 100,000 tons
by 1993 (estimates for recent years are imprecise). High
biomass in early years was due to the strong 1978 and
1980-82 year classes. The declining biomass after 1982
was due to lower recruitment. Current conditions ap-
pear similar to those in the mid 1940s, when Pacific mack-
erel declined after a period of high abundance. Abundance
data and biomass indices during recent years were af-
fected by ENSO conditions; more accurate estimates
of biomass and assessmenv of ENSO effects will be pos-
sible after environmental conditions return to normal.

Recent catch levels (46,000 and 23,000 tons year_]
during 1992 and 1993) were large relative to biomass,
and may have exceeded the target 30% total exploita-
tion rate that is the basis for management in California.
The economic condition of the fishery is poor, and re-
sources available for management are at an all-time low
because of changing priorities and financial constraints.
Landings of Pacific mackerel increased in Mexico dur-
ing recent years while California landings remained rel-
atively constant, and biomass declined. Thus the future
of the Pacific mackerel stock and fishery are uncertain.

RESUMEN

Estimaciones obtenidas por el anilisis virtual de pobla-
ciones indican que la biomasa de la macarela (Scomber
Japonicus) alcanzé durante 1978-82 los miximos niveles
que hayan sido registrados (829,000 toneladas cortas),
y subsecuentemente declind a menos de 100,000 tons.
cortas en 1993 (las estimaciones en afos recientes son
imprecisas). Los altos niveles de biomasa referidos se de-
bieron a la fuerza de las clases de edad de 1978 y 1980-82,
mientras que el decremento después de 1982 se debi6 a
los bajos niveles de reclutamiento. Las condiciones ac-
tuales parecieran asemejarse a aquellas de mediados de
los afios 40, cuando la macarela declind después de un
periodo de alta abundancia. En afios recientes, los datos

IPresent address: California Department of Fish and Game, 34355 Rawson
Road, Hemet, California 92543

2present address: Instituto de Ciencias del Mar, Passeig Joan Borbo s/n, 08039,
Barcclona, Spain
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de abundancia e indices de biomasa fueron afectados por
condiciones El Nifio-Oscilacidén Austral. Serd posible
obtener estimaciones mas exactas cuando las condiciones
ambientales retornen a la normalidad.

Los niveles de captura recientes (46,000 y 23,000 tons.
cortas ano~ ! en 1992 y 1993) fueron relativamente altos
respecto a la biomasa, y podrian haber excedido los nive-
les fijados como meta, tasa de explotacidon de 30% del
total, que es la base de la administracién en California.
La condicién econdémica de la pesqueria es mala, y de-
bido a restricciones econémicas y cambios de las prio-
ridades, los recursos disponibles para la administracién
de la pesqueria son mas escasos que nunca. En afios re-
clentes, se han incrementado los desembarcos de macarela
en México, mientras que en California los desembarcos
se han mantenido constantes, y la biomasa ha declinado.
Por lo tanto, €l futuro del stock y la pesqueria de macarela
son inciertos.

INTRODUCTION

Pacific mackerel (Scomber japonicus, also known as chub
mackerel) are a mainstay of the southern California purse
seine fishery (Konno and Wolf 1992; Thomson 1993).
The purpose of this report is to document trends in
Pacific mackerel biomass during 1978-93 and to extend
the time series of estimates for 1929-84 in Prager and
MacCall 1988. We obtained the biomass estimates by
virtual population analysis (VPA), using the ADAPT pro-
cedure (Gavaris 1988), with fishery data stratified by
quarter (see Jacobson et al. 1994 for data and analytical
details).

There were three indices of relative abundance
(table 1 and figure 1). The SPOTTER index was cal-
culated from fish spotter logs in the same way as for
northern anchovy (Engraulis mordax; Lo et al. 1992), ex-
cept that data were aggregated by April-March annual
pertods. Thus we used data for April 1988—March 1989
as an index of relative abundance during the first quar-
ter of 1989.

California Cooperative Oceanic Fisheries Investigations
(CalCOFI) data for Pacific mackerel were used in two
indices of relative abundance (table 1 and figure 1). The
index DENSITY was the density of Pacific mackerel lar-
vae per unit area calculated from catches in bongo nets.
The index PROP+ was the proportion of bongo tows
that were positive for Pacific mackerel larvae (Mangel
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TABLE 1
Indices of Relative Abundance for Pacific Mackerel
SPOTTER DENSITY
(short tons (larvae N
Year block™!) CV  10m 3 Ccv PROP+ (tows)
1978 21.93 0.44 9.9054 0.32 0.1377 247
1979 40.46 0.42 — — — —
1980 31.44 0.42 — — — —
1981 31.20 0.44 45.5338 0.36 0.3333 105
1982 32.42 0.42 — — — —
1983 38.56 0.43 — — — —
1984 32.25 0.47 2.1382 0.60 0.0536 112
1985 40.39 0.47 3.5956 0.46 0.1642 67
1986 21.21 0.48 2.8246 0.44 0.1000 70
1987 15.50 0.46 18.7083 0.66 0.0941 85
1988 6.50 0.51 4.5224 0.45 0.1282 78
1989 11.23 0.53 2.4788 0.45 0.0843 83
1990 3.04 0.60 (.3052 1.00 0.0130 77
1991 3.14 0.55 0.5695 0.59 0.0698 43
1992 4.40 0.52 0.2694 0.53 0.0430 93
1993 2.48 0.68 0.0603 1.00 0.0116 86
1000
-»- SPOTTER
8 100 - DENSITY
2 — PROP+
a
% 10
o
<
g o
=
5
Ih‘:" 01
001
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Figure 1. Indices of abundance for Pacific mackerel plotted in log scale for
comparison.

and Smith 1990; Smith 1990). For purposes of standard-
ization, CalCOFI indices were calculated with data from
the current CalCOFI sampling grid (covering roughly
the Southern California Bight; Hewitt 1988) that were
collected during April-September of each year, when
spawning is most common (MacCall and Prager 1988).

RESULTS

SPOTTER and DENSITY data (table 2 and figure
2) yielded VPA results that were generally similar to re-
sults from SPOTTER and PROP+ data (not shown; see
Jacobson et al. 1994). Pacific mackerel biomass increased
dramatically during 1978-82 to the highest level on
record—3829,000 tons (throughout this paper fons refers
to short tons). VPA results and relative abundance data
(table 1 and figure 1) indicate that biomass declined after
1982 to relatively low levels by 1993. High biomass in
early years was due to the strong 1978 and 1980-82 year
classes (MacCall et al. 1985). The decrease in biomass
after 1982 was due to lower recruitment.

TABLE 2
Biomass and Recruitment Estimates (Age Zero Fish
on July 1) for Pacific Mackerel, 1979-93, from the
ADAPT Model Using SPOTTER with DENSITY Data

Biomass Recruitment
(1,000 (million
Year short tons) Ccva fish)
1978 78 0.01 1,985
1979 303 0.06 428
1980 363 0.08 1,987
1981 550 0.15 3,154
1982 829 0.19 1,366
1983 781 0.22 280
1984 691 0.24 234
1985 498 0.25 992
1986 504 0.31 795
1987 480 0.37 434
1988 442 0.50 911
1989 340 0.54 260
1990 269 0.67 267
1991 185 0.75 135
1992 71 1.21 30
1993 35 1.58 16

*Calculated using a parametric bootstrap procedure with 50 iterations.
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Figure 2. Biomass of Pacific mackerel during 1929-65 from Prager and
MacCall 1988, and during 1978-93 from ADAPT (with SPOTTER and DEN-
SITY data). Recruitment is the number of age zero fish on July 1.

Biomass estimates from ADAPT for Pacific mackerel
during recent years (table 2 and figure 2) were probably
too low because ENSO conditions during 1992-93 dis-
placed pelagic fish to the north (Brodeur and Pearcy
1986) and away from the Southern California Bight area
covered by CalCOFI and fish spotters. In 1993, for ex-
ample, Pacific mackerel were sighted near the Queen
Charlotte Islands, British Columbia—north of the nor-
mal limit of their distribution (California Department
of Fish and Game 1994). Thus effects of ENSO and
changes in biomass are confounded in the decline of
SPOTTER and CalCOFI data during 1992-93, and in
the resulting biomass estimates from the ADAPT pro-
cedure. It will be possible to more accurately measure
1992-93 biomass and assess the effects of ENSO on
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TABLE 3
Pacific Mackerel Landings (Short Tons), 1978-93
Calif. Calif. Mexican
Year Commer. Recr. Commer. Total
1978 12,448 1,898 9,309 23,655
1979 300,495 2,618 6,348 39 461
1980 32,544 2,997 4,668 40,209
1981 42,916 1,574 2,273 46,763
1982 31,759 1,841 4,977 38,577
1983 35,857 1,626 1,721 39,204
1984 46,422 1,573 2,345 500,340
1985 38,240 1,227 8,005 47,472
1986 45,560 1,092 10,340 56,992
1987 45,852 969 869 47,690
1988 48,072 838 4,926 53,837
1989 40,263 641 16,399 57,303
1990 41,959 1,065 39,400 82,423
1991 34,545 323 19,277 54,645
1992 21,700 738 24,001 46,439
1993 13,358 991 8,863% 23,2122

#Preliminary estimates.

abundance indices after environmental conditions return
to normal.

Biomass estimates for Pacific mackerel were impre-
cise (CV > 30%) during 1986-93, and severely so (CV
> 50%) after 1989 (table 2). This lack of precision was
exacerbated by imprecise indices of abundance (table 1),
low levels of fishing mortality in some years (Pope 1972),
and by abundance data that were a “one way trip” (con-
tinuously decreasing; Hilborn and Walters 1992). It is
likely, moreover, that we overestimated precision because
we did not consider errors in landings and catch-at-age
data, uncertainty about index and fishery selectivities, and
effects of ENSO in our bootstrap variance calculations.

In view of the ENSO conditions, and considering all
uncertainties, we estimate that Pacific mackerel bio-
mass during 1993 was less than 100,000 tons. Thus cur-
rent conditions appear similar to those in the mid 1940s,
when Pacific mackerel declined to less than 100,000 tons
after a period of high abundance (figure 2). After 1945,
the stock varied around an average biomass of about
70,000 tons until the fishery collapsed in 1965.

Recent catch levels (46,000 and 23,000 tons year™ !
during 1992 and 1993; table 3) were large relative to
biomass estimates (<100,000 tons) and may have ex-
ceeded the target 30% total exploitation rate that 1s the
basis for California management (quotas are set at 30%
of the Pacific mackerel biomass above 20,000 tons). The
Califormia fishery is managed with quotas that make no
allowance for Mexican harvests, and the Mexican fish-
ery 1s not regulated by a quota. Thus, if current biomass
is as low as we estimate or if recruitment is poor, catches
in the next few years may be large enough to deplete
the stock of Pacific mackerel.

The Pacific mackerel fishery in California is at a cross~
road, and its future is uncertain. Economic conditions
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in the fishery are poor (Thomson et al. 1993; California
Department of Fish and Game 1994). Resources avail-
able for management at state and federal levels are cur-
rently low because of changing priorities, low revenues
from landings taxes, and other financial constraints. The
CDFEG lacked resources to age Pacific mackerel collected
in port samples during 1994, and stock assessment may
not be possible in 1995 because of a lack of personnel
and data. Landings of Pacific mackerel increased in
Mexico during recent years while California landings
remained relatively constant, and biomass declined (ta-
bles 2 and 3). Thus the Pacific mackerel fishery in
California, already beset with economic problems, faces
reduced management during a period of increased total
landings and potentially low biological productivity.
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GENETICS OF THE FAUNA
OF THE CALIFORNIA CURRENT

The California Current is the dominant oceanographic
feature on the west coast of North America. It pro-
foundly affects the flora and fauna of the coast, from its
influence on climate and upwelling to its effects on the
transport and dispersal of organisms and their propagules.

A full understanding of the processes that promote or
restrict the dispersal of organisms, and of the California
Current’s role in governing these processes, is necessary
for the proper management of this ecosystem. We know
that some genera contain dozens of species, and that oth-
ers are represented by only a few species. Some species
have distributions that separate obviously along known
faunal breaks, whereas related species have continuous
distributions along the coast. Some populations undergo
great temporal cycles of expansion and contraction; others
appear relatively stable over time.

Understanding spatial and temporal patterns of vari-
ation as they relate to physical and biological features of
the California Current is a long-term goal of the
CalCOFI program. Recently, a number of programs such
as the joint NSF/NOAA GLOBEC (Global Ocean
Ecosystem Dynamics) program have refocused interest
on understanding the mechanisms that lead to patterns
of variation in marine ecosystems, particularly larval
transport processes and recruitment variation.

The purpose ot this CalCOFI symposium was to ex-
amine the role that population genetics—specifically,
emerging new techniques of molecular genetic analy-
sis—can play in explaining the mechanisms that under-
lie observed patterns of spatial and temporal variation.
In addition, we hoped to illustrate how population struc-
ture can be present but not readily detectable by other
means. Finally, it was our intent to highlight the in-
creasingly important role of genetic analyses in making
management decisions about marine resources and pro-
tected species.

In the past, population geneticists (at least those with
common sense!) investigated systems that had stable pop-

ulations, well-defined barriers to gene flow (a mountain
range or an isthmus would suffice), and well-determined
times of separation (in the geologic past). Such condi-
tions made it possible to identify population-level dif-
ferences, and to make inferences about rates of movement
among populations.

The study of genetic variability in oceanic popula-
tions has been problematic because these systems are in-
herently open and unstable. Barriers to migration (gene
flow), if they exist, are often cryptic, incomplete, and
intermittent. In addition, population size may vary by
several orders of magnitude over periods of a few years,
and the number of individuals that successfully contribute
to a particular year class may be a small and nonrandom
portion of the total population. These factors have made
the application of traditional measures of genetic varia-
tion, and the statistical treatment of the data, difficult
at best.

Initial studies of oceanic populations, primarily in-
volving allozymes, often indicated no significant varia-
tion between putative populations. Quite likely this was
because the time and degree of separation needed to
produce divergence in allozyme frequencies by genetic
drift were overwhelmed by the effects of continuous low
levels of migration or by episodic mixing of populations.

Recently, investigators driven by curiosity—if not
common sense—have begun to revisit the study of
genetic variation in organisms that are influenced by
complex and dynamic systems such as the California
Current. The approach has been to use new genetic
markers that evolve at faster rates, so that population-
level differences can be observed in the face of higher
levels of gene flow.

The organisms considered in the symposium ranged
from marine mammals that forage in the current but are
not subject to its physical transport effects, through ben-
thic fish and invertebrates that rely on the current for
dispersal of larvae, to calanoid copepods that are inti-
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mately associated with the hydrographic processes of the
current throughout their lives.

The papers in the symposium proceedings illustrate a
variety of approaches for determining genetic popula-
tion structure. They include novel approaches to re-
vealing larval dispersal patterns by studying introduced
species and hybridization zones. They also address tem-
poral as well as spatial patterns of diversity. Several pa-
pers provide insights into the analysis of molecular genetic
data, and into using power analysis to apply confidence
limits to conclusions.

The symposium marks the beginning of what promises
to be a new era of investigations into the California
Current. Genetic approaches have much to offer toward
investigating processes of larval dispersal, recruitment

variability, and historic population structure. Genetic
considerations are being used increasingly as a manage-
ment tool, and the conservation of genetic diversity is
becoming an explicit goal of management.

Biomedical technology will continue to provide new
and innovative tools for the study of marine population
genetics. However, a true understanding of the processes
that determine genetic structure in oceanic populations
will continue to rely on multidisciplinary studies of
the physical and biological environment. The develop-
ment of modeling and statistical procedures that are
appropriate for the analysis of marine populations is a
research priority.

Russell D. Vetter

Participants in the Symposium of the CalCOFI Conference: Genetics of the Fauna of the California Current. Left to right: Russell Vetter, Robin Waples,
Dennis Hedgecock, Jennifer Nielsen, Andrew Dizon, Joseph Neigel, Ronald Burton, Jonathan Geller, Ann Bucklin, and student representative Axayacatl Olivares.
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MOLECULAR GENETIC VARIATION OF CALANUS PACIFICUS (COPEPODA: CALANOIDA):
PRELIMINARY EVALUATION OF GENETIC STRUCTURE AND SUBSPECIFIC DIFFERENTIATION
BASED ON MTDNA SEQUENCES

ANN BUCKLIN

Ocean Process Analysis Laboratory and
Department of Zoology
University of New Hampshire
Durham, New Hampshire 03824

ABSTRACT

Molecular genetic data can reveal the systematic re-
lationships among biological organisms and may be
particularly useful for taxa that are morphologically
indistinguishable. The copepod Calanus pacificus may in-
clude several subspecies, although no morphological
characters diagnostic of each subspecies have been found.
We use DNA sequence variation of a mitochondrial gene
to investigate the degree of genetic differentiation asso-
ciated with these systematic groupings and to begin a
study of the evolutionary significance of geographic vari-
ation in the species. The DNA sequence of a 449 base
pair portion of the mitochondrial 16S rRNA gene was
determined for 27 individuals of C. pacificus collected
from five sites in the North Pacific Ocean (Dabob Bay,
Puget Sound, Wash.; three sites in the California Current;
and the former Ocean Weather Station Papa). The molec-
ular genetic differentiation between individuals of C. p.
oceanicus and C. p. californicus (0.9% to 1.0% sequence
difference) was greater than that between individuals of
C. p. californicus from different geographic regions (0.2%
to 0.5% difference), but less than that among species of
Calanus (12% to 18% difference). The strongest evidence
of subspecific differentiation 1s that the C. p. oceanicus in-
dividuals were grouped together and separate from C. p.
californicus on a tree constructed by neighbor joining with
1000 bootstrapped subreplicates. Determination of the
systematic significance of the molecular divergence will
require further analysis of geographic and systematic pat-
terns of intraspecific variation within C. pacificus, and
analysis of additional genes.

RESUMEN

Las relaciones sistematicas entre los organismos pueden
ser reveladas con datos de genética molecular, que ademis
pueden ser particularmente utiles para revelar taxa que
son indistinguibles morfolégicamente. El copépodo
Calanus pacificus podria incluir varias subespecies, a pesar
de que no se han encontrado caracteres diagndstico para
cada una de éstas. Usamos variacién en la secuencia de
ADN de un gen de la mitocondria para investigar el
grado de diferenciacién genética asociado con estos agru-
pamientos sistematicos y para empezar a estudiar el sig-
nificado evolutivo de la variacién geogrifica en la especie.

TODD C. LAJEUNESSE

Ocean Process Analysis Laboratory
University of New Hampshire
Durham, New Hampshire (03824

Se determind la secuencia de ADN en una porcién de
449 pares de bases del gen del mitocondria 16§ ARNr
en 27 individuos de C. pacificus colectados en 5 sitios del
Oceano Pacifico Norte (Bahia Dabob, Puget Sound,
Washington, tres sitios en la Corriente de California, y
la antigua estacién climatologica oceanica Papa). La difer-
enciacién genética molecular entre los individuos de
C. p. oceanicus 'y C. p. californicus (0.9% a 1.0% de difer-
encia en la secuencia) fué mayor que entre individuos
de C. p. californicus de diferentes regiones (0.2% a 0.5%
de diferencia), pero menor que entre especies de Calanus
(12% a 18% de diferencia). La evidencia mas fuerte de
diferenciacién subespecifica es que el anilisis agrupé a
los individuos de C. p. oceanicus y separd a los de C. p.
californicus en un arbol construido por el método de unidén
de vecinos con 1000 muestras obtenidas por muestreo
repetitivo automatizado (“bootstrapping”). La determi-
nacién del significado sistematico de la divergencia mo-
lecular requerird mis anilisis de los patrones geogrificos
y sistematicos de la variacién intraespecifica en C. paci-

ficus y andlisis de mas genes.

INTRODUCTION

Molecular Taxonomy

Where morphological or physiological evidence of
systeratic relationships 1s unclear, genetic characters may
provide accurate and unambiguous indicators of the sys-
tematics of a group. Molecular characteristics have been
used to identify and discriminate species (Wilson et al.
1985). But although genetic characteristics can frequently
show patterns of relationship, they frequently do not in-
dicate the level of taxonomic divergence between taxa.
For example, there 1s no benchmark for differentiation
at the genus, species, or subspecies level. Fixed differ-
ences between taxa for traits encoded by nuclear genes
(especially allozymic variants of enzymes) are frequently
considered to constitute sufficient evidence of distinc-
tion at the species level. It is essential that both intra-
and interspecific variation of genetic characteristics are
quantified and compared in order to understand the
taxonomic significance of genetic differences.

Questions of the systematic significance of genetic
differences within a species are especially difficult to re-
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Figure 1. Geographic distribution of the subspecies of Calanus pacificus (also showing C. sinicus).
Collection sites are shown as symbols. There are four sites within the range of C. p. californicus: Puget
Sound (square) and CCS1, CCS2, and CCS3 (circles); one site, Station Papa (triangle), is within the range
of C. p. oceanicus. (Distributions are derived from unpublished work by A. Fleminger.)

solve, since these groups may be so recently reproduc-
tively isolated that there may be no detectable genetic
divergence. There are currently no established levels of
genetic divergence associated with subspecies, sibling
species, and semispecies. Intuitively, one might expect
that these levels of genetic differentiation would be less
than that between species and greater than that between
conspecific populations.

Numerous researchers have quantified the genetic
variation among conspecific populations by using mito-
chondrial DNA (mtDNA) (see review by Avise et al.
1987). The primary advantage of mtDNA for these stud-
ies is that it is inherited maternally; mtDNA may be ex-
pected to exhibit greater differences than nuclear DNA
between lineages (Birky et al. 1989). Among marine in-
vertebrates, several species have been shown to exhibit
significant differentiation among conspecific populations
(i.e., significant population genetic structure). The fol-
lowing species have been shown to be genetically struc-
tured on mesoscales to large scales (i.e., 100s to 1000s
of km) by restriction fragment length polymorphisms of
mtDNA: the horseshoe crab, Limulus polyphemus
(Saunders et al. 1986); the oyster Crassostrea virginica
(Reeb and Avise 1990); and the mussel, Mytilus spp.
(Edwards and Skibinski 1987). Restriction fragment poly-
morphisms have also revealed significant genetic differ-
entiation among geographic populations of marine fish,
including herring (Korntfield and Bogdanowicz 1987),
red drum (Gold and Richardson 1991), haddock
(Zwanenburg et al. 1992), and plaice (Stott et al. 1992).

More recently, the nucleotide base sequence varia-
tion of mtDNA has been used to examine population
structure in marine fish and invertebrates. The base se-
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quence of a portion of cytochrome b discriminated pop-
ulations of cod (Carr and Marshall 1991a, b) and blue
marlin (Finnerty and Block 1992). Mitochondrial genes
have revealed considerable intraspecific sequence varia-
tion in the sea urchins Strongylocentrotus pallidus (Palumbi
and Kessing 1991) and Heliocidaris tuberculata (McMillan
et al. 1992), and in the penaeid shrimp, Penaeus stylirostris
(Palumbi and Benzie 1991); however, little or no geo-
graphic structuring was observed for these species. Two
general principles emerge from the many studies: first,
that both marine fish and invertebrates are quite vari-
able at the protein and molecular level, and second, that
this variability is resolved into genetically distinguish-
able, geographic populations in only some of the species
(see Ovenden 1990 for a review of marine stock assess-
ment using mtDNA).

Taxonomy of Calanus Species

Three subspecies of the calanoid copepod Calanus
pacificus have been distinguished on the basis of the rel-
ative position of the spermathecae of females and the
number of denticles and endopodite length of the fifth
leg of males (Brodsky 1965). Intermediate forms for these
characters exist, and neither the position of urosomal
pores nor the shape of the fifth thoracic leg differs di-
agnostically among the subspecies (Fleminger and
Hulsemann, unpublished data). Although the systematic
significance of the morphological variation is in some
doubt, the subspecies have been referred to in print
repeatedly (Alldredge et al. 1984; Fleminger 1985;
Fleminger and Hulsemann 1987).

The subspecies have distinct geographic distributions
(figure 1). C. p. californicus is the only species of Calanus



BUCKLUIN AND LAJEUNESSE: MOLECULAR GENETIC VARIATION OF CALANUS PACIFICUS

CalCOFI Rep., Vol. 35, 1994

found in the California Current between central
California and the Gulf of California (Fleminger 1964).
This subspecies exhibits complex behavioral reactions to
hydrographic conditions (Cox et al. 1983) and marked
migratory behavior (Alldredge et al. 1984) that is adap-
tive for life in the coastal upwelling region of the
California Current. Another subspecies, C. p. oceanicus,
has an oceanic distribution and may occur across the en-
tire northern North Pacific (Brodsky 1965). The third
subspecies, C. p. pacificus, 1s found in the temperate west-
ern Pacific, where it may overlap extensively with C.
sinicus, from which it is morphologically distinguish-
able (Brodsky 1965).

In this preliminary analysis, genetic differences among
samples of C. pacificus were determined in order to re-
veal the geographic and systematic patterns of molecu-
lar variation within the species. We present results based
on sequencing a portion of the mitochondrial 16S rRNA
gene. We chose this gene because it has been shown to
vary sufficiently to make it possible to discriminate closely
related species (e.g., Cunningham et al. 1992; Xiong and
Kocher 1991). Also, previous studies have shown that
there is considerable variation within several Calanus
species and some evidence of population genetic struc-
ture (Bucklin and Kann 1991; Bucklin and Kocher, un-
published data).

MATERIALS AND METHODS

Sample Collection

Samples of each species were collected by net tow and
preserved in 95% ethyl alcohol. One sample of C. paci-
ficus from the California Current (CCS1) was collected
in June 1992. Two other California Current samples of
C. pacificus were collected during California Cooperative
Fisheries Investigation (CalCOFI) surveys: one (CCS2)
in November 1989 from CalCOFI station number 83.42,
and the other (CCS3) in April 1992 from CalCOFI sta-
tion 93.40. The locations of the sample sites were: CCS1
(34°54' N; 123°01' W); CCS2 (33°75' N; 121.9°9" W);
and CCS3 (32°25' N; 118°10" W). The Ocean Weather
Station Papa (PAPA) sample of C. pacificus was collected
at 50° N; 145° W; the sample from Puget Sound, Wash.
(PUGET) was collected at 47°45.5" N; 122°49.5" W
(figure 1).

DNA Amplification

Mitochondrial DNA amplifications were performed
on specimens preserved in 95% ethyl alcohol. The cope-
pods were rehydrated in 0.4 ml of distilled deionized
H.,O for 24 hrs prior to amplification. Each individual
was then homogenized in a PCR buffer containing
77 ul dH,O, 8 ul of 25 mg/ml MgCl,, and 10 pl 10X
PCR buffer (Promega Corp., Madison, Wis.) and re-

frigerated for 24 hrs. After incubation, the remainder of
the PCR reaction mixture was added: 10 pl dANTP
(Perkin-Elmer Corp., Norwalk, Conn.) 1 ul each of the
16SAR and 16SBR primers (100 uM concentration),
and 1 pl Taq polymerase enzyme (Promega Corp.). The
reaction volume was 100 pl; 2 drops of mineral oil were
added on top to prevent evaporation.

The amplification primers used were 16SAR and
16SBR (Palumbi et al. 1991) based on the Drosophila
yakuba sequence (Clary and Wolstenholme 1985). The
sequences are:

16SAR 5" = CGCCTGTTTAACAAAAACAT = 3
16SBR 5' = CCGGTTTGAACTCAGATCACGT = 3'

Amplification was carried out in a Perkin-Elmer ther-
mal cycler, model 480. The amplification protocol was
denaturation at 94°C for 1 min; annealing at 45°C for
2 min; and extension at 72°C for 3 min. The ampli-
fication was carried through 35 cycles and maintained
at 4°C.

Amplification products to be sequenced were checked
for size and purity by loading 10 pl on a 1% agarose
gel containing ethidium bromide. Only amplification
products showing bright, sharp bands were selected for
sequencing. These products were purified by loading 45
ul onto a 1% Nusieve gel containing ethidium bromide,
and electrophoresed at 50 volts. Product bands were
cut from the gel and melted by heating to 65°C in 1.7 ml
Eppendorf tubes. The temperature was lowered to 37°C,
and 5-10 units of agarase (Sigma Chemical Corp.,
Chicago) were added. The samples were incubated
overnight to ensure complete digestion of the agarose.

DNA Sequencing

The sequencing reaction was done in a Perkin Elmer
thermal cycler, model 480, using a cycle-sequencing kit
(Applied Biosystems, Inc., Foster City, Calif.). Fluores-
cently labeled dideoxynucleotides were incorporated
during an asymmetrical amplification using the 16SBR
primer. This primer was selected because it consistently
produced good sequence data.

Nucleotide sequencing was carried out in an Applied
Biosystems, Inc., automated DNA sequencer. The au-
tomated sequencer relies on an amplification reaction to
produce strands terminated with fluorescently labeled
dideoxynucleotides (Smith et al. 1986). The sequencer
uses a 6% acrylamide gel; gels are electrophoresed for 11
hrs. The sequences are shown as fluorescent emission
spectra for each base, resulting in a 4-color chromatogram.
The sequence chromatogram is read by the computer

Palumbi, S., A. Martin, S. Romano, W. O. McMillan, L. Stice, and
G. Grabowski. 1991. The simple fool’s guide to PCR (ver. 2). Unpublished
manuscript.
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software (SeqEd, version 2.0) and checked thoroughly
for accurate machine reading.

Sequence Alignment and Data Analysis

The Genetics Computer Group (GCG) Sequence
Analysis Software Package was used for alignments and
preliminary analyses; the programs are based on those
by Smuthies et al. (1981) and are now commercially avail-
able as a package. The multiple-sequence alignment pro-
gram PileUp (Devereaux et al. 1984) was used to align
the sequences for each individual; PileUp is a simplifi-
cation of the progressive alignment method of Feng and
Doolittle (1987). Although the program has limitations,
it is a safeguard against human subjectivity in the align-
ment process. Several parameters of the PileUp program
can be altered: gap penalties used ranged from 0.5 to 5.0,
and gap length penalties ranged from 0 to 0.5; the de-
finitive alignment was done with a gap penalty of 5.0
and a gap length penalty of 0.3, which maximized the
sequence identities.

A difference matrix was calculated for all pairwise
comparisons of individual sequences. The mean and the
standard error of the percent differences between indi-
viduals were determined for comparisons within and be-
tween samples.

Phylogeny Reconstruction

A tree was constructed by means of neighbor join-
ing (Saitou and Nei 1987) in the software package MEGA
(Molecular Evolutionary Genetics Analysis; Kumar et
al. 1993) to show the molecular relationships among the
27 individuals. The neighbor-joining protocol first de-
termines a distance matrix and then reconstructs the
phylogeny. Tamura-Nei distances were used (Tamura and
Nei 1993), based on both transitions and transversions.
The resultant tree was tested for statistical significance
by 1000 bootstrap replications.

RESULTS

Nucleotide base sequences for a 440-base-pair region
of the mitochondrial 16S rfRNA gene of C. pacificus was
determined for 27 individuals (figure 2). There were
16 haplotypes among the 27 individuals. We found that
11 individuals were unique; 5 individuals shared the same
haplotype; four other haplotypes were shared by 2—4
individuals.

Among the three samples of C. pacificus collected in
the California Current (CCS1, CCS2, and CCS3), in-
dividuals differed by three or fewer bases among the 449
(£0.7%). Among individuals within one sample, differ-
ences averaged considerably less than 1%: the mean dif-
ference between individuals within the PUGET sample
was 0.20% and between individuals within the PAPA
sample was 0.14% (figure 3). For comparisons between
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Figure 2. DNA base sequence for a 449 base pair region of the mitochon-
drial 16S rRNA gene for samples of geographic populations of Calanus paci-
ficus. Only the sequence for the most abundant haplotype, shared by 5 of the
27 individuals sequenced, is shown. Substitutions are indicated just below
each variable site; the number of haplotypes that exhibit each substitution is
shown below the base substituted. The sequence alignment was done by the
PileUp program of the GCG Software Package (Devereaux et al. 1984).
Alignment was done with a gap weight of 5.0 and gap length weight of 0.3.

Figure 3. Percent DNA base sequence differences among samples of C.
pacificus. The three sampies collected in the California Current (CCS) have
been pooled for comparison with the Puget Sound samples (PUGET) and the
sample collected at Ocean Weather Station Papa (PAPA). Collection loca-
tions are given in figure 1 and the text. The bar height indicates the percent
differences for pairwise comparisons within and between samples (or pools
of samples). Numbers shown on top of the bars are the standard error; all bar
heights differ significantly, except those of the CCS vs PAPA and PUGET vs
PAPA comparisons, which are not different.

individuals in the CCS and PUGET samples (i.e., be-
tween individuals of C. p. californicus) the mean differ-
ence was 0.46%. In contrast, comparisons between C.
p. californicus and C. p. oceanicus were 0.92% (for CCS vs
PAPA samples) and 1.06% (for PUGET vs PAPA sam-
ples). The differences between C. p. oceanicus and C. p.
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Figure 4. Neighbor-joining tree showing genetic differences among the 27
individuals of Calanus pacificus. Abbreviations are: California Current
Collections (CCS), Puget Sound collection (PUGET), and O.W.S. Papa col-
lection (PAPA). The symbols correspond to those used for the collection loca-
tions in figure 1. The tree is based on the neighbor-joining method, using
Tamura-Jukes distances and considering both transitions and tranversions.
Numbers on the branches are branch lengths; numbers in italics at branch-
points are the percentage of trees that show that branchpoint among 1000
bootstrapped replicates.

californicus individuals were significantly greater than
the difterences among individuals of the same subspecies
(figure 3).

A phylogenetic analysis of the individuals of the five
samples of C. pacificus further suggested that the C. p.
oceanicus sample collected from Ocean Weather Station
Papa was distinctive (figure 4). The tree topology was
robust to the method of analysis: all trees indicated the
distinctiveness of the individuals in the PAPA sample.
The neighbor-joining tree (figure 4) has the C. p. ocean-
icus individuals clustered together and significantly
distinct in 1000 bootstrapped subreplicates (Saitou and
Nei 1987).

DISCUSSION

Previous studies of DINA sequence variation of the
mitochondrial 16S rRINA gene have revealed differences
in the sequences of a 450 bp region between species of

Calanus on the order of 12% to 18% (Bucklin et al. 1992).
Other studies comparing sequence data of the mito-
chondrial 16S rRINA gene between crustacean species
have shown similar results. Between species of the shrimp
Penaeus, 11% sequence differences were found by
Machado et al. (1992) for this same region of the mito-
chondrial 16S rRNA gene. Palumbi and Benzie (1991)
estimated interspecific differences between two Penaeus
species at 11% (based on sequence data) and 9% (based
on RFLP data). Brasher et al. (1992) showed that the
mean mtDINA sequence divergence between three spe-
cies of the rock lobster Jasus was 6.2%, whereas these
species differed from a fourth by 14.9% to 16.7%. These
divergences, and those of Calanus species, are typical of
the congeneric species that have been studied (Avise et
al. 1987).

Levels of mtDNA sequence variation within species
of Calanus for the 16S rRNA gene ranged between 1.3%
(between C. helgolandicus samples) and 2.6% (between
C. finmarchicus samples) (Bucklin and Kocher, unpub-
lished data). The characteristic pattern of intraspecific
variation is that one haplotype 1s very common (ap-
proaching 50% of individuals sequenced), while there
are many rare or unique haplotypes in each population.
Intraspecific differences among individuals of C. pacifi-
cus are generally less than 1% (figure 3). Within the same
subspecies, differences are on the order to 0.2%; between
subspectes, the difterences are approximately 1%.

Using the mitochondrial 16S rRNA gene, Xiong and
Kocher (1993) measured differentiation within species
of the black fly genus, Simulium, to be 0.47%, and within
“complexes” (sibling species groups) to be 1.09%. For
crustaceans, Silberman et al. (1994) found mtDNA se-
quence differences among conspecific populations to be
between 1.2% and 1.7%, based on RFLP analysis.
Another study by McLean et al. (1983) used restriction
fragment length polymorphisms of mtDINA to estab-
lish levels of intraspecific variation of Panulirus, which
they found to be similar to humans, deer mice, and
Drosophila. These levels of intraspecific variation for the
mitochondrial 16S rRNA gene may prove low in com-
parison with other mitochondrial and nuclear genes.
Analysis of intraspecific variation of addition genes is im-
portant to determine whether the patterns described
here are typical of all genes.

Although the sequence diftference between the two
subspecies of C. pacificus 1s far less than that between
spectes, and similar to that between conspecific popu-
lations, these data cannot be said to “prove” that the ge-
ographic forms of C. pacificus do or do not deserve
subspecific status. It is very difficult to determine the
level of systematic distinctiveness using molecular char-
acteristics, especially mtDINA. One problem is that no
threshold levels of divergence of mtDNA sequences have
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been associated with speciation events or subspecific dif-
ferentiation, as has been done in some cases for nuclear
genes. Rates of divergence of mtDNA appear to be rather
variable from taxon to taxon. Also, recent divergences
may not be reflected in the mtDNA characteristics, and
newer taxa may show little or no sequence divergence.

In addition to the measures of sequence divergence,
phylogenetic approaches are useful for identifying ge-
netically distinct groups and for recognizing geographic
structure (this approach has been called phylogeography;
Avise et al. 1987). For example, despite little sequence
differentiation between individuals of the different sub-
species of C. pacificus, all individuals of C. p. oceanicus
cluster together in the neighbor-joining tree (figure 4).
This distinctive grouping is statistically significant ac-
cording to the bootstrap test performed: 6 of the 7 in-
dividuals cluster 94% of the time, and the seventh
individual is grouped with these 79% of the time. The
20 individuals of C. p. californicus are variable among
themselves, but there are no statistically distinct group-
ings within the subspecies (other than a slight tendency
of the individuals from Puget Sound to group together;
figure 4). As found in an earlier study (Bucklin and
Kocher, unpublished data), there was more intraspe-
cific variation among 87 individuals of C. finmarchicus
than among the C. pacificus individuals (the most diver-
gent C. finmarchicus individuals were 2.7% different in
sequence for this same gene region), but there was no
distinctive clustering of individuals by geographic region
or taxononiic subgroup.

In summary, mtDNA sequence data for 27 individ-
uals yields some evidence of the differentiation of the
open-ocean sample (O.W.S. Papa) of C. pacificus, which
occurs within the geographic range of C. p. oceanicus. In
contrast, there is no significant differentiation of any sub-
group across the large latitudinal range of C. p. californi-
ais (Puget Sound and throughout the California Current).
The genetic differentiation of the C. p. oceanicus sample
is apparent in the tree constructed by neighbor joining
and 1s statistically sound according to a bootstrap test
(figure 4). The tree construction provides the best evi-
dence of the genetic distinctiveness of the subspecies of
C. pacificus. The amount of sequence difference between
individuals of the different subspecies (approximately 1%)
1s similar to that between conspecific individuals of other
crustacean species (McLean et al. 1983; Silberman 1994),
including other species of Calanus (Bucklin and Kocher,
unpublished data). If the subspecies are reproductively
isolated and thus genetically distinct, the divergence
has been a relatively recent one. These subspecies may
be too young to exhibit significant genetic divergence.

Molecular genetic traits of organisms may be a use-
ful means for resolving long-standing, fundamental ques-
tions about the systematics and evolution of planktonic
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organisms. Questions having to do with the taxonomic
significance of intraspecific variation are particularly prob-
lematical for species that show little intra- or interspe-
cific variation, and may be particularly amenable to
molecular analysis.
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ABSTRACT

The genetic structure of natural populations of
marine organisms is frequently inferred from the distri-
bution of alleles at gene loci. Until recently, most in-
vestigations relied entirely on protein electrophoretic
techniques, with particular emphasis on polymorphic
enzyme-coding gene loci (allozyme loci). Over the past
few years, increasing use has been made of molecular
techniques, including methods that allow the construc-
tion of gene genealogies. These later methods provide
powerful insight into the evolutionary history of genetic
variation and, under some conditions, provide valuable
information concerning population structure. This paper
compares results of both allozyme and DNA sequence
studies for a set of populations of the intertidal cope-
pod Tigriopus californicus along the California coast. The
comparisons show that: (1) Allozyme frequencies dis-
tinguish almost all the study populations, whereas
genealogies of the sampled DNA sequences do not.
(2) Both nuclear and mitochondrial DNA sequences re-
veal strong population differentiation between central
and southern California populations that is not appar-
ent in the allozyme frequencies. (3) Allozymes and DNA
sequences are not entirely concordant in the picture they
present of population relationships. (4) The most com-
plete analyses of population structure will require mul-
tiple genetic techniques.

RESUMEN

La estructura genética de poblaciones naturales de or-
ganismos se infiere a menudo a partir de la distribuciéon
de alelos en loci de genes. Hasta hace algunos afios la
mayoria de los estudios se basaban en técnicas de elec-
troforésis de proteinas, con énfasis en loci de genes
polimorfos que codifican enzimas (loci alocimos). En
anos recientes se ha incrementado el uso de técnicas mo-
leculares, incluyendo el uso de métodos que permiten
construir genealogias genéticas. Estos métodos ofrecen
una perspectiva profunda de la historia evolutiva de la
variacién genética; en ciertas circunstancias, estos méto-
dos proveen informacion importante de la estructura de
la poblacién. Este articulo compara los resultados
obtenidos de alocimos y secuencias de ADN de un con-
junto de poblaciones del copépodo intermareal Tigriopus
californicus a lo largo de la costa de California. Las com-
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paraciones produjeron varios resultados: (1) Las frecuencias
de alocimos distinguieron a casi todas las poblaciones es-
tudiadas, mientras que las genealogias de las secuen-
cias de ADN no las demarcé. (2) Tanto las secuencias
del ADN de las mitocondrias como las de los nicleos
revelaron una marcada diferenciacién poblacional entre
California Sur y Central, mas este resultado no se repi-
t16 con las frecuencias de alocimos. (3) Los resultados de
las secuencias de ADN y los alocimos no concuerdan en
su totalidad en el esquema de las relaciones poblacionales.
(4) Los analisis mas completos de la estructura de la
poblacién requeririn multiples técnicas genéticas.

INTRODUCTION

Attempts to understand the genetic structure of marine
invertebrate populations have long been hampered by
our inability to directly track the dispersal of larval life
stages that frequently spend substantial lengths of time
in the plankton. Although current patterns and other
physical factors may restrict or promote particular routes
of dispersal, the oceans often appear to be barrier-free,
and long-distance dispersal is clearly possible (e.g.,
Scheltema 1986). Despite this extensive potential for
gene flow, population differentiation among marine in-
vertebrates has now been widely documented through
the use of biochemical and molecular genetic techniques
(Burton 1983; Hedgecock 1986; Palumbi 1992). In par-
ticular, analyses of electrophoretically detected enzyme
polymorphisms have made major contributions to our
understanding of gene flow and recruitment in a diver-
sity of marine species over the past two decades.

Several long-recognized problems arise from the use
of allelic isozymes (allozymes) for the analysis of popu-
lation structure. First, although protein electrophoresis
allows the screening of many individuals, populations,
and gene loci for analysis of population structure, its res-
olution 1s limited in that it detects only a subset of exist-
ing variants at a gene locus. Thus any putative allele may
consist of multiple alleles that are indistinguishable, and
differences between populations may frequently be un-
derestimated. Second, as genetically different forms of
the same enzyme, allozymes may differ in functional
properties. Therefore, frequencies of alleles not only re-
flect patterns of gene flow and random genetic drift, but
they may also result from the action of natural selection.
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Finally, the evolutionary relationships among alleles are
not necessarily reflected by similarity in their elec-
trophoretic mobility; thus it is not possible to determine
which alleles are derived by mutation from other alleles
in the same population and which, if any, were intro-
duced by immigrants from distant populations.

Recently, a variety of molecular techniques that as-
sess variation in DNA sequence have supplemented or
replaced allozyme techniques in the analysis of popula-
tion structure (e.g., Avise 1992; Karl and Avise 1992).
Of particular interest in the analysis of intraspecific pop-
ulation differentiation is the analysis of mitochondrial
DNA (mtDNA). Unlike nuclear DNA, mtDNA is typ-
ically maternally inherited and not subject to recombi-
nation. Divergence between maternal lineages continues
to increase through evolutionary time, and descendants
can be assigned to lineages in nonreticulate gene gene-
alogies (Avise 1991). In the case of nuclear genes, geneal-
ogles may be complicated by recombination between
lineages, obscuring the true degree of evolutionary diver-
gence among the sampled genes.

In addition to focusing on either nuclear or mitochon-
drial genomes, researchers can take two qualitatively dif-
ferent approaches to the use of molecular techniques for
population analyses. One approach is to use restriction
fragment length polymorphisms (RFLPs) or sequencing
in order to find single polymorphic nucleotide sites,
which are then studied in much the same way poly-
morphic enzymes are studied (i.e., frequencies of dif-
ferent alleles are determined in each study population).
Although providing a wealth of markers for study, the
data themselves are not qualitatively different from allo-
zymes in that the frequencies of alleles can be estimated,
but the allelic genealogies remain unknown. If restricted
to nuclear markers, this approach presents nothing con-
ceptually new to the study of population structure, and
one can safely assume that the wealth of molecular mark-
ers will supplement (or replace) allozyme data in a
straighttorward manner.

The second approach focuses on obtaining sequences
of specific fragments of DNA from relatively small num-
bers of individuals from each study population. In cases
where a sufficient number of phylogenetically informa-
tive nucleotide sites are included in the study, sequence
data can be used to infer the phylogenetic relationships
among the sequenced alleles, or gene genealogy. In some
cases, such information can give insight into population
structure not available from allozyme frequencies. For
example, the genealogical approach may reveal the an-
cestral lineage of an allele which may, in turn, suggest
its geographic origin. The primary problem with DNA
sequence data is cost—both in manpower and supplies.
As a result, studies typically examine far fewer individ-
uals, populations, and independent gene loci than do

allozyme analyses. However, as discussed below, much
of the power of sequence data derive from their high
phylogenetic information content; depending on the
types of questions to be addressed, DNA sequencing can
be cost-effective.

Given the substantial difterences in the nature of the
data obtained from different genetic analyses, it is of great
interest to carefully compare the different approaches
within given study systems. In at least two marine sys-
tems, surprising results have come from comparing
allozyme data with mtDNA and nuclear DNA data.
In the American oyster, Crassostrea virginica, allozyme
frequencies were found to be relatively uniform across
broad geographic ranges (Buroker 1983). This result
was interpreted as evidence of high levels of gene flow
among populations until subsequent mtDNA data
(Reeb and Avise 1990) and nuclear DNA data (RFLPs
in anonymous single copy nuclear DNA; Karl and
Avise 1992) revealed a region of sharp genetic differen-
tiation where little allozyme differentiation had previ-
ously been apparent. Because of the concordance of the
mtDNA and nucDNA genetic markers, it was concluded
that gene flow was restricted across the phylogeographic
break and that the similarity in allozyme frequencies
across the break reflected the action of stabilizing nat-
ural selection favoring multilocus heterozygotes (Karl
and Avise 1992).

The second study system 1s the focus of the current
discussion. For the past fifteen years, my lab has focused
attention on the population genetics of the supralittoral
copepod, Tigriopus californicus. (Burton and Feldman
1981; Burton 1986). We have recently extended our
work on the genetic structure of natural populations of
this species from allozyme analyses to studies of DINA
sequence variation at a mitochondrial gene (cytochrome
oxidase I = COI) and a nuclear gene (histone H1)
(Burton and Lee 1994). In the following paragraphs, I
will review some aspects of each of our genetic data sets
for California coast T californicus populations. I will then
attempt to draw some conclusions about the inferences
of population structure that can be drawn from each type
of genetic data either by itself or in conjunction with
other data.

MATERIALS AND METHODS

Tigriopus californicus were collected from high inter-
tidal rock pools at each of ten geographic sites along the
central and southern California coast, including one site
on the north side of Santa Cruz Island (figure 1).
Population samples (typically 200-5,000 adults) were
maintained in the laboratory as breeding populations in
400 ml beakers. Within two weeks of collection and be-
fore any mortality was observed among the field-col-
lected animals, allozyme frequencies were determined
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Figure 1. Map of T. californicus collecting sites along the central and south-
ern California coast. PES = Pescadero Beach, SCN = Santa Cruz, CAR =
Carmel, MO = Morro Bay, SCI = Santa Cruz Island, FR = Flatrock Point, AB
= Abalone Cove, LB = Laguna Beach, LJ = La Jolla, SD = San Diego.

for seven gene loci by polyacrylamide gel electrophore-
sis, following Burton and Feldman (1981) and using stain
recipes from Harris and Hopkinson (1976) and Bulnheim
and Scholl (1981). A minimum of 35 individuals were
scored per population for each gene locus.

Sequencing of both nuclear and mitochondrial genes
was carried out on DNA extracted from 10-15 individ-
uals from each of a number of isofemale lines established
from the field-collected animals. This procedure was
adopted after initial attempts to amplify COI alleles from
DNA extracted from single adult T californicus proved
inconsistent. Because mitochondrial DNA is typically
maternally inherited in animals, each isofemale line
was expected to have only a single mtDNA haplotype.
Although each line could contain as many as four alleles
(two maternal and two paternal) for any nuclear gene,
observed ambiguity in H1 sequences potentially due to
multiple haplotypes segregating within isofemale lines
was low, ranging from zero (13 lines) to five (2 lines) nu-
cleotide positions per reported sequence. Since only three
instances of ambiguity were observed at informative sites
in the entire H1 data set (total 24 sequences with 51 in-
formative sites), the impact of within-line polymorphism
can, for the purposes of this study, be ignored.

With the exception of the Santa Cruz Island samples,
the data discussed below have been previously published
(see Burton and Lee 1994), so detailed protocols will
not be presented here. In brief, we have used a variety
of methods for DNA extraction and direct sequencing
of DNA fragments amplified by the polymerase chain
reaction. Qur initial efforts focused on the COI gene
and used total genomic DNA samples extracted by means
of proteinase K digestion and phenol-chloroform ex-
tractions. Primer sequences for gene amplification and
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direct sequencing of the COI gene were as follows (po-
sition in the Drosophila yakuba mtDNA sequence [Clary
and Wolstenholme 1985] are noted): primer COIK : (5'-
GAGCTCCAGATATAGCATTCC-3"), 1730-1750;
primer COIJ : (5'-CAATACCTGTGAGTCCTCCTA-
3", 2536-2516; primer COIL : (5'-TGAGAGAT-
TATTCCAAATCC-3"), 2234-2213; primer COID:
(5'-AAACCAACTGTGAACATGTG-3"), 2357-2338.
Primers K and ] were designed by R. Van Syoc, California
Academy of Sciences. Biotinylated COIK was paired
with either COID or COIJ for gene amplification by
the polymerase chain reaction (PCR) using Perkin-
Elmer’s GeneAmp PCR Reagent Kit and the following
thermocycle profile: 94°C, 1 min; 50°C, 1 min; 72°C,
2 min, for 35 cycles followed by 5 min at 72°C. PCR
products were run on a 2% agarose gel and extracted
from the agarose using Geneclean (Bio 101 Inc.). Solid-
state sequencing (Ausubel et al. 1992) of the biotiny-
lated strand with primers COIL and COID used
Sequenase protocols (US Biochemical) following cap-
ture of the biotinylated strand on streptavidin-coated
magnetic beads (Dynal, Inc.).

A previously published sequence of a histone H1 gene
from T californicus (Brown et al. 1992) was used to de-
sign primers for PCR amplification and sequencing of
a fragment including the 5' end of the H1 coding re-
gion. Primers used were H1.5 (5'-ATATGTGTC-
GAATCGAGGGC-3', position 137-156 in the published
sequence) and H1.3 (5'-TCTCGACCAAGGACTTG-
3', position 710-694). DNA samples used for H1 PCR
were prepared by boiling 15 animals from a single iso-
female line in 200 pl of 10% chelating resin (Sigma
Chemical) for 8 minutes; after boiling, samples were vor-
texed for 10 sec and centrifuged (13,000 X g) for 2 min-
utes at 4°C (Walsh et al. 1991). Ten pl of the supernatant
were used as template in the PCR reaction, which used
the same thermocycle profile as COI PCR. We used
Promega’s Magic PCR Preps to purify PCR products,
and carried out direct sequencing with the fmole Cycle
Sequencing Kit (Promega) and manufacturer’s protocols
with 32P-end-labeled primers. When possible, we ana-
lyzed the same isofemale lines for both COI and H1
sequence. Unfortunately, much of the COI sequencing
had been completed and a number of the isofemale lines
lost before the H1 sequencing project was initiated. We
are currently trying to obtain COI sequences from the
Santa Cruz Island site. As a result, both COI and H1
DNA sequences were obtained for only eight lines.

RESULTS

Allozyme data from ten population samples obtained
in 1992-93 are presented in table 1. Despite the fact that
each of the gene loci studied is polymorphic when the
total data set is considered, within-population hetero-
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TABLE 1
Allelic Frequencies for Six Polymorphic Allozyme Loci in 13 Populations
of T. californicus along the California Coast

Pgi Got2 ME
Population ~ F* M MS S Vs VF F S VS VF F N \'D
PES .46 054 1.00 1.00
SCN 1.00 1.00 1.00
CAR 1.00 1.00 1.00
MO 1.00 1.00 1.00
SCI-N 0.01 066 0.33 1.00 1.00
SCI-S 002 095 0.03 1.00
CO 1.00 1.00
PD 058 031 0.11 1.00
FR 1.00 1.00 1.00
AB 1.00 0.99 0.01 0.98 0.02
LB 0.02 079 0.19 0.40  0.60 1.00
L 0.06 094 1.00 1.00
SD 022 0.78 1.00 1.00
Gotl Gpt Apk2 Apkl
Population F N VS ES SS F S \B) F S F S
PES 1.00 1.00 1.00 1.00
SCN 0.03  0.97 0.25 075 1.00 1.00
CAR 0.98 0.02 1.00 1.00 1.00
MO 0.80  0.20 1.00 1.00 1.00
SCI-N 0.58 042 0.07  0.93 1.00 1.00
SCI-S 1.00 1.00 1.00 1.00
cO 1.00 1.00 1.00 1.00
PD 1.00 1.00
FR 0.04 093 0.03 1.00 1.00 1.00
AB 0.07 0.93 1.00 1.00 1.00
LB 0.11  0.85 0.04 1.00 1.00 1.00
L] 0.19 079 0.02 1.00 1.00 1.00
SD 0.88 0.12 094 0.06 1.00 1.00

*Allelic designations VF, F, M, MS, S, VS, ES are in order of decreasing anodal mobility. Locus designations:
Pgi = phosphoglucose isomerase, Got = glutamate-oxaloacetate transaminase, ME = Nadp-malic enzyme,
Gpt = glutamate-pyruvate tranaminase, Apk = arginine phosphokinase.

TABLE 2
Nei’s Genetic Distances (Standard Errors) Based on Seven Allozyme Loci and Calculated
with the Jacknife Method of Mueller (1979)

SCN CAR MO SCI FR AB LB L SD
PES 043 (006)  .032(005) 039 (006) 586 (.057)  .033(005) 178 (025) 647 (.064) 686 (.065)  .664 (065)
SCN 009 (001) 014 (002) 593 (058) 009 (002) 146 (023) 626 (061) 649 (063) 669 (.064)
CAR 004 (001) 621 (059)  .000 (000) 133 (022) 582 (059)  .608 (061) 627 (062)
MO 623 (061) 003 (001) 114 (019) 605 (061) 626 (063)  .645 (.063)
scI 613 (059) 741 (071) 2.44 (20) 2.62 (.28) 2.59 (20)
FR 127 (021) 586 (059) 610 (061) 632 (062)
AB 819 (078) 820 (078) 878 (.081)
LB 214 (030) 265 (.033)
L 181 (.029)
SD

zygosity is low (H = 0.07 £ 0.02, mean *+ SE), and many
alleles are restricted in their distribution. Calculations of
Nei’s genetic distance (D) based on these relatively few
loci are subject to considerable error but are useful as
relative measures of population differentiation and are
presented in table 2. Calculated D values range from zero
(FR-CAR) to 2.62 (SCI-LJ); in the latter comparison
the two populations share no alleles at four of seven loci.
Although based on few loci, the observed D values are

approximately an order of magnitude higher than typi-
cally encountered among conspecific populations (Thorp
1983). There is a striking lack of correspondence between
the geographic distance between populations and ge-
netic distance between the same populations (figure 2).

Twenty-one COI sequences (each was 500 base pairs
long) were determined from isofemale lines of T' cali-
Sfornicus derived from seven geographic populations (work
on the Santa Cruz Island population is now being initi-
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Figure 2. Relationship between geographic distance and Nei's genetic dis-
tance for all pairwise comparisons of populations in table 1. Although all
points on the graph are not independent, no relationship between geographic
distance and genetic distance is apparent from the allozyme data.

ated). The sequences were used to construct a maximum
parsimony gene tree (Swoftord 1989) that approximates
the genealogical relationships among the sequences (fig-
ure 3A). Three results are apparent from the parsimony
tree: (1) Extensive divergence exists between central and
southern California COI sequences. Over 18% of all nu-
cleotide sites were different in comparisons of any of the

A PESI19
MOI

COI (mtDNA) MO16

SD4

central (PES, SCN, CAR, MO) sequences to any of the
southern (AB, FR, SD) sequences. (2) Although little
variation was observed among isofemale lines derived
from most of the natural populations, one strongly di-
vergent haplotype was seen at SD; this cautions that
additional data are needed before strong conclusions con-
cerning population structure can be made on smaller
geographic scales. (3) Bootstrap resampling of the data
indicate that only the SCN population can be discrim-
inated from other populations within a given (central or
southern) region.

To assess whether or not the phylogeographic break
observed in the COI data is reflected in the nuclear
genome, we also sequenced approximately 500 bases of
a histone H1 gene, including approximately 150 bases
of the coding sequence and 350 bases of 5' flanking re-
gion (Burton and Lee 1994). In addition to the popu-
lations sampled for COI sequences, two sequences from
Santa Cruz Island (SCI), two from La Jolla (L]), and one
from Laguna Beach (LB) have been obtained to date.
The H1 PCR products showed a size polymorphism,
with template DNA from all 11 isofemale lines from
southern California sites (SD, L], LB, AB, FR) produc-
ing larger PCR products than that from the four cen-
tral sites (MO, CA, SC, PES). PCR products from the
SCI site were of the smaller size (i.e., consistent with
being of the “central” type). Subsequent sequencing

SCN21
SCN13
L2 CARIS

SCN207
H1 (nucDNA) 5

L2 CAR29
CAR22

L pES|7
- PESI6
L2 pES20

2
MO4
[vos

Figure 3. Genetic relationships along 7. californicus isofemale lines. A, Unrooted maximum parsimony tree produced by the heuristic search procedure of PAUP
3.0r (Swofford 1989) for 21 COIl sequences. Sequences are named according to source population, and numbers refer to the specific isofemale line. Branch
lengths are the absolute number of nucleotide substitutions over the 500 base sequences. Tree shown is one of five equally parsimonious trees, all with similar

topology. Bold lines indicate branches supported by bootstrap values >95%.

B, Unrooted maximum parsimony tree produced by the heuristic search procedure of PAUP 3.0r for 24 H1 sequences. Sequences are named as in A. Branch
lengths are absolute number of nucleotide substitutions over the 425 bases sequenced (after exclusion of gaps). Tree is one of three similar, equally parsimonious

trees. Bold lines indicate branches supported by bootstrap values >95%.
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showed that two insertions (48 and 20 bases in length)
in the 5' flanking region were found only in the south-
ern samples. After these insertions/deletions are elimi-
nated from the data set, an additional 23 of 425 bases
(5.4%) distinguish between central and southern clades
(figure 3B). The SCI sequences are differentiated from
the central California populations, but clearly group with
the central sequences in the parsimony tree; this topol-
ogy is supported by 100% of bootstrap resamplings.

DISCUSSION

The Study System: Tigriopus californicus

The harpacticoid copepod T californicus is a common
inhabitant of high intertidal and supralittoral rock pools
along the Pacific coast of North America, from Alaska
to Baja California. The supralittoral distribution of T
californicus appears to result from heavy predation in the
lower intertidal zone, and it is not commonly encoun-
tered in pools that harbor either fish or anemones (Dethier
1980). Restricted primarily to small ephemeral pools,
T californicus populations fluctuate dramatically in size;
evaporative drying and extensive scouring during storms
frequently lead to extinction of subpopulations inhab-
iting individual rock pools. The species has no resting
or dormant stages capable of withstanding complete des-
iccation; newly refilled pools must be repopulated by
immugrants. Although all life stages of T. californicus are
free-swimming and potential dispersers, the means by
which the species colonizes distant habitat is not known.
Passive drifting of adults or larvae has not been docu-
mented; 1. californicus has not (to my knowledge) been
collected in plankton tows. Both larvae and adults tend
to cling to the substrate in response to water turbulence,
so rafting on debris washed out of inhabited pools as
well as attaching to birds and crabs moving through pools
are alternate means of dispersal.

Given its natural history, T. californicus s not repre-
sentative of the ecology of species with extensive larval
dispersal. However, it may provide a model system for
the study of diverse benthic species that have direct de-
velopment and show limited larval dispersal. In this light,
many attributes of the T californicus system make it par-
ticularly amenable to genetic analysis: (1) T californicus
is easily raised in the lab, with a generation time of about
three weeks. (2) Controlled lab crosses are readily
achieved, allowing formal genetic analysis of all mark-
ers employed in population studies. (3) 1. californicus is
easily collected at a variety of spatial scales, and the avail-
ability of habitat is simple to assess.

Allozymes

Although individual T. californicus are small (approxi-
mately 35 pg wet weight), we can consistently resolve a

number of polymorphic enzyme loci on thin (0.8 mm)
polyacrylamide gels. This work has demonstrated that
populations inhabiting pools on a single rock outcrop
are typically genetically homogeneous, whereas those
separated by even short stretches of sandy beach (<500
meters) are often sharply differentiated (Burton and
Feldman 1981). In fact, most of the 25 populations we
have sampled along the California coast can be readily
distinguished on the basis of allozyme frequencies. In
many cases, alleles restricted to single populations
(“private” alleles; Slatkin 1985) reach high frequency,
strongly suggesting a lack of gene flow among the
populations. In some cases, alleles fixed in one popula-
tion have never been observed in other populations.
Many of our study sites have been sampled at least five
times (in some cases more than fifteen times) over
periods of time extending up to 15 years; although
some minor variation in allelic frequencies has been
observed over this period, the geographic distribution
of alleles and patterns of population differentiation
have been essentially constant. For example, the Gpt!’
allele has been found only in Santa Cruz County and
has been consistently in the 20%—25% frequency range
at the SCN site since 1979 (Burton and Feldman 1981;
Burton 1986).

One striking feature of the T. californicus allozyme data
is that, even when averaged across loci, no relationship
between geographic distance and genetic distance is ob-
served. This lack of correlation between geographic dis-
tance and genetic differentiation emphasizes a major
limitation of the allozyme data: allozymes provide no
phylogenetic information. When neighboring popula-
tions show one or more “private” alleles at high fre-
quencies, it is difficult to determine whether the observed
differentiation occurred in sifu (over relatively long time
periods), or if the initial immigrants colonizing the rel-
evant geographic locales derived from already differen-
tiated parent populations. Distinction between these
hypotheses requires genealogical information. Along
these lines, it is interesting to note that the SCI popu-
lation appears to be equally divergent from its nearest
neighboring populations to either the north or south.
Was SCI colonized from northern or southern source
populations? Again, resolution of this question requires
genealogical information.

On the other hand, the speed and ease of allozyme
analyses has allowed us to study population structure
at a spatial and temporal scale that would not be prac-
tical using DNA sequencing techniques. Scoring allelic
frequencies at several polymorphic gene loci with
sample sizes of 50 individuals from each of ten popu-
lations can be completed in a week. The relatively few
DNA sequences presented here required over a year
to obtain.
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Mitochondrial DNA Sequence

The most striking feature of the COI data is the great
divergence between central and southern California
clades. Minimum distance between sequences from the
two clades exceeds 18%, a value that far exceeds any pre-
viously reported intraspecific value for a protein-encoding
mitochondrial gene (Avise et al. 1987; Harrison 1989).
Although we have no fossil record for establishing a mo-
lecular clock directly relevant to T. californicus popula-
tions, recent data on the COI gene in other crustacea
yielded estimates of 2.2%~2.6% divergence per million
years (Knowlton et al. 1993); at such a rate of sequence
evolution, a conservative date for the split between cen-
tral and southern COI clades is on the order of 7 mil-
lion years. We also note that of 90 nucleotide substitutions
(of the 500 bases sequenced) distinguishing the two major
clades, only 3 result in diagnostic amino acid substi-
tutions (6 amino acid residues are variable of the 165
inferred from sequence data).

A second remarkable feature of the COI data is the
extreme divergence among the San Diego (SD) isofe-
male lines; the SD4 line differs from SD40 at 77 nucleo-
tide sites (15.4%); notably, all these substitutions are
synonymous. The existence of highly divergent mtDNA
haplotypes within a population can be explained in
two ways. First, it is possible that two maternal lineages
have been maintained in the SD population long enough
for the high level of divergence to have occurred in
situ. The second possibility is that immigration from an-
other population introduced divergent haplotypes into
the SD population. Although neither hypothesis can
be rejected, the extreme differentiation of the haplotypes
argues against the former hypothesis. It seems unlikely
that two lineages would have survived stochastic ex-
tinction (“lineage sorting”) over millions of years in the
ephemeral environment characteristically inhabited by
T californicus (Neigel and Avise 1986). Although more
extensive within-population sampling is the subject of
continuing work, the divergence at the SD site stands in
marked contrast to the low levels of divergence (<1%) ob-
served among isofemale lines from six other populations.

Nuclear DNA Sequence

An important (and perhaps unusual) feature of the H1
data presented here is the fact that no evidence for re-
combination between the sharply differentiated central
and southern California clades has yet been observed.
The simplest explanation for this lack of recombination
is that the differentiation of the clades occurred allo-
patrically and, without subsequent gene flow, no oppor-
tunity for inter-clade recombination has existed (Burton
and Lee 1994). This hypothesis seems entirely consis-
tent with the other genetic data sets presented above.
Attributes of the allozyme data (high-frequency private
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alleles) and the COI data (strong differentiation of cen-
tral and southern clades) clearly suggest long periods of
allopatric population differentiation.

The two sequences obtained from SCI suggest an
answer to the question posed above concerning the ori-
gin of this population: H1 sequences from the SCI pop-
ulation are more closely related to those from central
populations than to those from southern populations.
The addition of COI sequence data may substantially
strengthen support of this hypothesis. Although the SCI
H1 sequences clearly group with the central clade, they
are clearly differentiated from other members of the clade,
as would be expected from the extensive allozyme dif-
ferentiation between SCI and other central California
populations.

Allozyme versus DNA Sequence Data

The relative value of the different types of genetic
data discussed above depends primarily on the specific
questions being asked. Many questions, some ecological
and some evolutionary, can be addressed by population
structure data. Neither allozyme nor sequence data alone
can efficiently answer all commonly posed questions,
although obviously any allozyme differentiation could
ultimately be revealed at the DNA sequence level if the
appropriate gene is sequenced.

One question of primary interest to both ecologists
and fisheries managers is, “To what extent do geo-
graphically separated populations represent separate gene
pools?” Analysis of population differentiation is inher-
ently a one-sided experiment; i.e., although finding
genetic differences between populations can often lead
to strong conclusions, a lack of differentiation is typi-
cally ambiguous. This is because analysis focuses on only
a tiny portion of the genome. Populations that appear
to be identical on the basis of one sample of gene loci
may later be found to be sharply differentiated at other
loci. Because numerous loci can be surveyed quickly and:
with relative ease, allozyme studies remain a method of
choice in assessing differentiation of geographic popu-
lations. In the 1. californicus system, we have found allo-
zymes to be remarkably sensitive in discriminating
populations. Using from five to eight allozyme poly-
morphisms as markers, we can distinguish the great
majority of over 20 California coast populations that we
have studied over the past 15 years. In contrast with the
results observed in a number of other species, most
genetic diversity in T californicus is revealed by between-
population comparisons; heterozygosity within popu-
lations is relatively low. This might easily be explained
by frequent population bottlenecks, as would be expected
in an ephemeral habitat. However, closer inspection of
the data adds one important feature: bottlenecks may
explain why heterozygosity is low, but do not explain
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the existence of high-frequency “private” alleles. Such
a pattern of variation necessarily leads to the conclusion
of highly restricted gene flow (Slatkin 1985).

Identification of discrete populations for ecological
analysis or management purposes requires only that suf-
ficient levels of genetic polymorphism be available for
study. Morphological, allozyme, or DNA markers with
simple Mendelian inheritance are potentially of equal
value for addressing questions of gene pool continuity.
From this perspective, the relative merits of allozyme
and DNA approaches are apparent: allozymes are cheaper
and faster, whereas DNA necessarily possesses a greater
wealth of genetic variation. When beginning to analyze
a new species or set of populations, some effort at the
level of allozymes would seem a prudent methodolog-
ical choice. If sufficient allozyme polymorphism is not
found, a search for DNA sequence variation would be
a next step. Once polymorphic nucleotide sites are iden-
tified, efficient methods for discriminating genotypes at
particular nucleotide sites can be developed (see, e.g.,
Banks and Hedgecock 1993).

As mentioned above, two classes of hypotheses can
be proposed to explain sharp differentiation of neigh-
boring populations: (1) the populations were initially
similar but have diverged via either random drift or se-
lection in situ over a sufficient period of time to allow
establishment of new mutant alleles; or (2) the original
colonists were derived from already differentiated popu-
lations, so the present genetic differentiation simply re-
flects the indeterminate nature of the colonization process.
Although conclusively demonstrating population differ-
entiation, allozyme data alone cannot discriminate be-
tween these two very different explanations for the origin
of the difterentiation. Here, DNA sequence data clearly
complement our allozyme studies. For example, the
strong differentiation of the AB and FR populations
(nearly fixed on alternate alleles at the Gorl locus) ap-
pears to be the result of in situ differentiation, since COI
and H1 DNA sequences from these populations are more
closely related to each other than to those from any other
population. In contrast to the lack of relationship be-
tween geographic distance and allozyme genetic dis-
tances, the DNA sequence data show clear geographic
structure, with neighboring populations more similar
than geographically distant populations.

When allozyme and DNA sequence data for the T
californicus system are compared, one striking discrepancy
1s immediately apparent: allozyme data suggest that Los
Angeles area populations (AB and FR) are genetically
similar to central California populations, whereas se-
quence data show exceptionally strong divergence be-
tween these same sets of populations. Although such
discordance may provide insights into the natural his-
tory of conspecific populations (e.g., Reeb and Avise

1990; Karl and Avise 1992; Burton and Lee, in press),
it simply emphasizes the fact that only weak inferences
can be made from apparent population homogeneity. In
T californicus, DNA sequence data has dramatically
changed our understanding of population structure by
revealing a regional pattern of genetic variation that
the allozyme data lacked. The geographic match be-
tween the two sets of sequence data suggests that pop-
ulation divergence has proceeded for enough time that
concordant lineage-sorting of mitochondrial and nuclear
genes has taken place (Neigel and Avise 1986; Avise and
Ball 1990). The phylogeographic break in the historic
distribution of the species lies somewhere between LA
and the Morro Bay study sites, a region that includes
Point Conception, a widely recognized zoogeographic
boundary (Valentine 1966). The SCI population, lying
south of Point Conception itself, appears to be derived
from more northern populations based on H1 sequence
data. However, the allozyme data show that SCI is highly
divergent from populations to either the north or the
south, indicating that the colonization of SCI occurred
in the distant past and no ongoing gene flow is taking
place. The genetic isolation of Santa Cruz Island was
previously reported for the embiotocid fish, Damalichthys
vacca (Haldorson 1980).

In summary, the 1. californicus studies show that com-
parisons between allozyme and DNA sequence data can
reveal a variety of surprises. First, despite the fact that
protein electrophorests is a relatively low-resolution tech-
nique compared to DNA sequencing, populations were
generally more easily distinguished by allozyme data than
by sequence data. Other molecular techniques, such as
allele-specific PCR,, could undoubtedly be developed to
distinguish the populations based on nucleotide substi-
tutions, but allozyme methodology has proven sufficient
(and efficient) for simply demonstrating genetic isola-
tion of populations in the T californicus system. DNA se-
quence data, however, in revealing unprecedented levels
of divergence between conspecific populations, pro-
vide a historical framework within which the allozyme
data can be more fully understood.
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ABSTRACT

The northern right whale dolphin (Lissodelphis bore-
alis) has experienced very high levels of fishery-induced
mortality in international high-seas, large-scale driftnet
fisheries, from about 38°N to 46°N, and 171°E to 151°W.
Assessing the impact of these mortalities 1s difficult, how-
ever, because of the possible existence of a coastal pop-
ulation off California and the Pacific Northwest that is
separate from offshore populations. To obtain quantita-
tive measures of reproductive isolation between putative
populations, a portion of the control region of the mito-
chondrial DNA (mtDNA) genome was sequenced in 65
geographically dispersed individuals, then analyzed in a
nested ANOVA format. No evidence of geographically
concordant population structuring was apparent. In addi-
tion, a Mantel test, examining pairwise correspondence
between geographic and genetic distances among sam-
ples, failed to detect any evidence of isolation by dis-
tance. Because negative data such as these are often used
in management decisions, a power analysis was conducted
to determine the probability that a survey of comparable
size would yield statistically significant results under a
hypothetical but likely level of divergence between “bona
fide” stocks. The analysis yielded an estimate of the
rate of making a type II or beta error of about 10%.

RESUMEN

El delfin liso Lissodelphis borealis ha sufrido niveles de
mortalidad muy alta en alta mar (alrededor de 38°N a
46°N y 117°E a 151°W) inducidos por una pesqueria a
gran escala que usa redes de deriva. Es dificil evaluar el
impacto de esta mortalidad debio a que posiblemente
existen poblaciones costeras frente a California y el
Pacifico Noroeste que estin separadas de las poblaciones
de mar adentro. Con el fin de cuantificar el aislamiento
reproductivo entre las supuestas poblaciones se obtuvo
la secuencia de una porcién de la regién central del
genoma del ADN de la mitocondria (ADNmt) en 65
individuos procedentes de varias regiones; estos datos
se analizaron usando un analisis de varianza anidado. No
se encontrd evidencia de una estructura de la poblaciéon

"Current address: Sequana Therapeutics, 11099 North Torrey Pines Road,
La Jolla, CA 92037

con concordancia geografica. Aun mas, la prueba de
Mantel, que examina correspondencia aparejada entre
distancias geograficas y genéticas entre las muestras, tam-
poco detectd evidencia de aislamiento asociado al dis-
tanciamiento espactal entre los individuos. Debido a que
datos negativos como los mencionados antes se usan para
hacer decisiones en le manejo de las pesquerias, hicimos
un analisis de potencia estadistica; determinamos la pro-
babilidad de que un reconocimiento de tamaiio similar
produzca resultados estadisticamente significativos con
niveles de divergencia hipotéticos pero plausibles entre
stocks (suponiendo diferenciacidn, entre éstos). A partir
del anilisis, se estima que la frecuencia de producir errores
del tipo II o beta es de alrededor 10%.

INTRODUCTION

Although the northern right whale dolphin (Lissodelphis
borealis) i1s the most common cetacean species in the
bycatch of the high-seas, large-scale driftnet fishery in
the North Pacific (Hobbs and Jones 1993), its intraspe-
cific (stock) structure is unknown. A separate coastal
population off California and the Pacific Northwest may
exist, but there are insufficient data to allow a rigorous
test of this hypothesis even though the species has been
the focus of considerable biological effort and expense.

Yet it is axiomatic that knowledge of the intraspecific
(stock) structure is a critical component in determining
the status and subsequent management of species im-
pacted by human activities; stock, not species, is the unit
on which management parameters such as optimal
sustainable population and allowable biological removal
estimates are based. Both the Marine Mammal Protection
Act and the Endangered Species Act direct management
efforts at taxa below the species level. The concern of
the responsible manager is that if stock structure is ar-
bitrarily subdivided too finely, population estimates
and allowable removal levels may be so small that local
fisheries may be unnecessarily closed down. On the other
hand, if a species 1s too coarsely subdivided, evolution-
arily significant local populations may be depleted or
destroyed.

Knowledge of stock structure comes from four classes

of information: distribution, demography, morphology,
and genetics (Waples 1991a, b; Dizon et al. 1992). What
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Figure 1.

High seas sightings (stars) of northern right whale dolphins (Lissodelphis borealis). Data from the National Marine Mammal Laboratory’s Platform of

Opportunity Program (POP), 1980-91. Circles are sequenced sample collection locations.

few data are available from these sources for L. borealis
are summarized in Leatherwood and Walker (1979),
Baird and Stacey (1991), and Ferrero et al. (1993). Save
for some distributional data that indicate an area of
reduced density separating the potential coastal popula-
tion and the offshore one (figure 1), there is no infor-
mation in the literature regarding whether L. borealis
exists as a single, panmictic population or is subdivided
into two or more breeding populations. Although the
tendency of delphinids to subdivide into coastal and off-
shore populations is well known (see Perrin et al. 1985;
Dizon et al., in press), the stock structure of this species
is an open question.

About 6,700 driftnet operations were observed be-
tween 1989 and 1990 (Hobbs and Jones 1993), and bio-
logical samples from the cetacean bycatch were collected.
These, as well as samples collected off the U.S. west coast
from beach-cast animals, cross-bow biopsies of bow-
riding animals, and fishery mortalities were used in a
molecular analysis of mtDNA.

Analyses based on molecular information derive their
power from two properties (Vigilant et al. 1991): (1) the
evolution of the molecule is dominated by selectively
neutral substitutions, and (2) the changes occur at a rea-
sonably constant rate, at least within fairly closely related
taxa. The mtDNA molecule has the features of neutral
and rate-constant mutation (Moritz et al. 1987). In addi-
tion, it is haploid and maternally inherited, eliminating
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recombination effects (Giles et al. 1980). These prop-
erties greatly simphfy data analysis, and the relatively high
rate of evolution (Moritz et al. 1987; Hoelzel et al. 1991)
allows resolution of closely related forms. Analyses of
mtDNA, primarily restriction fragment length poly-
morphism analyses, but also including direct sequenc-
ing, have been extensively used in the last several years
to study intraspecific structure of marine mammals (e.g.,
see Baker et al. 1985, 1990, 1993; Lint et al. 1990; Dizon
et al. 1991; Rosel 1992; Dowling and Brown 1993;
Hoelzel et al. 1993).

Here we report on the results of a study examining
the genetic diversity within and among three putative
populations of L. borealis sampled from locations span-
ning their known range. We conduct a power analysis
to estimate the probability of making a type Il or beta
error—i.e., incorrectly accepting the null hypothesis that
the population is not subdivided into stocks. From a con-
servation standpoint, the costs of making such an error
are perhaps higher than the costs of making a type 1
error—incorrectly rejecting the null hypothesis—because
of the potential for destroying an undetected but evo-
lutionarily significant population component of the
species. Using genetic diversity studies from other species,
we attempt to estimate the minimum genetic differences
that separate closely related but “bona fide” stocks, and
we use that estimate to determine the statistical power
of our current study.
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MATERIALS AND METHODS

Fifty-two individuals from the bycatch of the high-
seas driftnet fisheries were obtained by National Marine
Fisheries Service (NMES) observers from the National
Marine Mammal Laboratory (NMML). Of these, 16
were from west of the dateline (figure 1). The majority
of samples obtained from NMML were clustered to the
east of the dateline but west of 155°W latitude; of those,
we sequenced 36. Note that the classification of animals
east and west of the dateline into separate populations
is arbitrary and not supported by any significant hiatus
in distribution. We also obtained 13 samples from coastal
U.S. waters. These samples came from incidental kills
collected by fishery observers from Southwest Region
(SWR, NMFS) accompanying set- or drift-net boats,
dead beach-cast animals collected under the auspices of
the California Marine Mammal Stranding Network
organized by the SWR, or projectile biopsies of bow-
riding dolphins collected under NMES permit from a
research vessel.

Our specific DNA procedures were as follows (see
also Rosel 1992): tissue samples were preserved and stored
in a saturated NaCl solution of 20% DMSO at room
temperature (Amos and Hoelzel 1991). We extracted
total cellular DNA (nuclear plus mtDNA) using estab-
lished protocols (Hillis and Moritz 1990) modified for
our particular needs. Double-stranded (symmetric) PCR
amplification of approximately 0.1 pg template (sample)
DNA was carried out in 100 pl reactions by means of
standard reaction conditions and reagents supplied with
the GeneAMP kit (Perkin Elmer Cetus, Inc). Chain
elongation was initiated with the addition of 30 pmoles
of primers complementary to regions up- and down-
stream of the region of interest, the 5' end of the con-
trol region of the mtDNA genome—about a half of the
control region. The upstream primer (anneals to heavy
strand) was biotinylated at its 5' end to facilitate immobil-
ization of the amplicon for later procedures. This primer
is the so-called “universal primer” (slightly modified
from Kocher et al. [1989] by Rosel [1992]). The down-
streamn primer (anneals to light-strand), designed also by
Rosel, anneals near similarity block B, a conserved re-
gion within the control region (Southern et al. 1988).

We used streptavidin-coated magnetic beads (Dynal
Inc.; Hultman et al. 1989) to clean PCR-amplified sam-
ples and make them single stranded. The extremely high
affinity of the streptavidin for the biotin moiety on the
5' end of the heavy-strand primer allowed the immobi-
lization of the double-strand amplicon. A neodynmium-
iron-boron permanent magnet was used to sediment the
beads against a side of a 1.5 pl microcentrifuge tube for
washing to remove unincorporated reaction products
and for removal of the heavy strand itself by denatur-
ization and subsequent elution.

We performed sequencing reactions on the light-strand
DNA only, using standard conditions and reagents as
supplied with the Sequenase, Version 2.0 sequencing kit
(United States Biochemical Corporation) and 5 uCi of
[a-3>S]dATP. Two internal primers, producing overlap-
ping sequences, allowed us to routinely sequence about
500 bp’s, about 80% of the amplicon. The sequencing
reactants were then electrophoresed on 6% polyacryl-
amide wedge gels (0.4 to 0.8 mm) from 2 to 6 hours
and read from autoradiographs exposed to the vacuum-
dried gels. The individual sequences were aligned by eye
in a spreadsheet format. Sequences will be submitted
to GenBank.

Sequences were analyzed by means of distance meth-
ods, as opposed to parsimony methods. For our studies,
parsimony methods were usually inappropriate for analy-
ses of intraspecific structure. The number of taxa (indi-
viduals) far exceeded the number of phylogenetically
informative sites (Stewart 1993), and a very large num-
ber of equally parsimonious trees were found, indicat-
ing the underlying lack of resolution of parsimony
approaches for revealing intraspecific structure (Excoffier
and Smouse 1994).

The genetic or evolutionary distance separating each
pair of sequences was estimated using the Tamura-Nei
method as implemented in Kumar et al’s (1993) com-
puter package, MEGA. The authors recommend this
method as especially appropriate for mtDNA sequences.
The derived matrix of 2,080 (N [N-1]/2 where N = 65)
pairwise genetic distances was examined for evidence
of a geographic structure, i.e., concordance between
genetic distance and geographic strata, by means of an
analysis of variance method modified for use with
molecular sequence data (Excoffier et al. 1992). We used
the computer program described by Excoffier et al.
(AMOVA, analysis of molecular variance) and furnished
by the senior author. The linear model employed as-
sumes that individuals are arranged into populations, and
populations nested into groups, defined by nongenetic
criteria (sampling location). The program computes
estimates of variance components and F-statistic ana-
logues, designated ®-statistics. The ®-statistic is the cor-
relation of random haplotypes drawn from within a
stratum to random haplotypes drawn from among all the
strata (Excoffier et al. 1992). The method also employs
resampling methods to test the significance of the vari-
ance components and statistics, thus avoiding assump-
tions of normality. The method does not require specific
assumptions regarding the evolution of sequences and,
while not as powerful at detecting population subdivi-
sion as more rigorous models (e.g., Takahata and Palumbi
1985), is certainly more robust.

To ascertain if there was evidence of isolation by dis-
tance, we employed a Mantel test for matrix corre-
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Figure 2. Power of an F (®) test at « = 0.05 and 1 d.i. for a sample size of
100 and 65 (Cohen 1988). PhiST = &g

spondence as implemented in the NT-SYS package
(Rohlf 1990). A matrix of pairwise genetic distances was
compared with a matrix of pairwise geographic distances.
The geographic distances between samples were calcu-
lated as great circle distances in nautical miles. This pro-
gram plots one matrix against the other in an
element-by-element fashion and computes the Mantel
statistic, Z, to measure the degree of relationship.

"

2= 2xgyy,

LJ
where X, and Y. are the off-diagonal elements of ma-
trices X and Y. If the matrices show similar relationships,
7 will be larger than would be expected by chance alone.
The Mantel test as implemented also uses resampling
methods to test the significance of the variance com-
ponents and statistics.

The variance estimates and the ®-statistics from the
AMOVA were used in a subsequent power analysis
(Cohen 1988). We assume an alpha level of 0.05 with
one degree of freedom and use the “Power of F” test
tables in Cohen (1988} to construct a graph of the rela-

tionship between ® ¢, and power for two sample sizes
(N = 65, N = 100; figure 2).

RESULTS

A total of 400 base pairs were sequenced in the con-
trol region plus the entire proline and a small portion
of the threonine tRINA genes. The latter regions were
eliminated from subsequent analysis. Of the 65 animals
sequenced, one group of 5 and one group of 3 had iden-
tical haplotypes, and both groups contained animals
from the coastal and the offshore populations. Seven
other pairs each shared a unique sequence. For three
pairs of the seven, both animals were sampled from the
same school, so there 1s a potential that there were first-
or second-order relations, but in the other four pairs,
each member came from widely separate locations.

Of the 400 base pairs sequenced, there were 73 vari-
able sites and 3 variable insertion/deletion events. Sixty-

64

TABLE 1
ANOVA on Pairwise Genetic Distances between
Lissodelphis Borealis mtDNA Sequences Stratified into
Three Putative Populations: Inshore, Offshore East of the
Dateline, and Offshore West of the Dateline

Observed partition

Component Variance % total p P-statistic
Among 0.000695 0.66 0.14 @ = 0.007
Within 0.010388 99.34

eight of these sites contained only transitional changes;
three sites showed transversional changes, and two sites
exhibited both. Average pair-wise Tamura-Nel genetic
distances for the total sample were 0.020, or 2% (N = 65);
for the inshore sample, 0.020 (N = 13); for the offshore
sample east of the dateline, 0.021 (N = 36); and for the
offshore sample west of the dateline, 0.022 (N = 16).

To analyze the effect of the relationship of geographic
sampling location and genetic variation, we stratified
the sequenced sample into three putative geographic
populations: inshore, offshore west of the dateline, and
offshore east of the dateline. The genetic distance mea-
surements were then analyzed with the AMOVA pro-
gram (table 1). The value p 15 the probability of having
a more extreme variance component and ®-statistic than
the observed values by chance alone. The significance
of the variance component and ®-statistic is tested by
permuting individuals to random populations. The
within-population effect is tested by permuting indi-
viduals across populations without regard to either their
original population or region.

It is apparent from table 1 that the main effect is due
simply to variability among individual pairwise measure-
ments and that there is no reduction in variance from strat-
ification into populations. No other geographic stratifications
of the data, including simple offshore and onshore pop-
ulations, nor elimination of males from the analysis re-
sulted in any significant effects. These results are consistent
with lack of geographic structuring of the population.

Because of the disparity in size of geographic areas of
the sampled populations (the offshore region spans in its
east-west axis 1,862 n.mi., whereas the California region
spans only 480 n.mi.), the AMOVA analysis may mask
evidence of isolation by distance. Many offshore indi-
viduals are separated by larger distances than California
samples are from some of the far eastern offshore sam-
ples. To examine this masking, we used the Mantel
test (Rohlf 1990) to compare the same pairwise matrix
of genetic distances used in the AMOVA analysis to a
matrix of pairwise geographic distances. No correla-
tion existed between genetic and geographic distance
(normalized Mantel statistic Z = —0.005). Of 1000 per-
muted matrices, 49% demonstrated a larger Z value than
the sample matrices, 51% a smaller value.



DIZON ET AL.: GENETIC STOCKS AND STATISTICAL POWER
CalCOFI Rep., Vol. 35, 1994

DISCUSSION

The degree of nucleotide variation within Lissodelphis
borealis is somewhat higher than in other populations
examined in our laboratory. In the portion of the con-
trol region sequenced, we found 76 variable sites. In the
same region, Rosel (1992) found 43 variable sites in her
sample of 29 Delphinus delphis, and those included indi-
viduals from two different ocean basins and two difter-
ent morphotypes (long-beaked and short-beaked) that
display fixed genetic differences and may be separate
species. In her study, she estimated a genetic diversity of
1.2% for long-beaked samples and 1.6% for short-beaked
samples.

For Lissodelphis borealis, the within-population diver-
sity for the total sample was about 2.1% and not signif-
icantly different when calculated for either the offshore
or California population alone. Neutral theory predicts
a positive correlation between genetic diversity and pop-
ulation size (although this relationship can be profoundly
altered by historical demography; Avise et al. 1988). The
similarity in genetic diversity in the offshore and inshore
samples 1s consistent with the hypothesis that the two
samples were drawn from the same population or, alter-
natively, from populations of the same size. However,
population abundance in the offshore region has been
estimated to be about an order of magnitude larger than
in the inshore region (Buckland et al. 1993; Barlow, in
press; Barlow and Forney, in press).

Sequence divergence between L. borealis and other
dolphin species seems reasonable when compared to
values for closely related species pairs obtained in other
similar studies. Sequence divergence between our study
species and Delphinus delphis (Rosel 1992) is 6.7% and
between our study species and Stenella attenuata, 7.5%
(our data). Rosel (1992) estimated sequence divergence
between S. attenuata and D. delphis of 6.0%.

Although the results of both the AMOVA and the
Mantel tests, as well as the similarity of the genetic
diversity values between the putative populations, are
consistent with a lack of intraspecific structuring in
L. borealis, it is negative evidence: Can a conservation
manager develop policy from it? In other words, are these
negative results of any value in deciding if the species
should be managed as a single panmictic population or
separately as an inshore and an offshore population? This
1s an 1mportant question because the putative oftshore
population was subject to high levels of fishing mortal-
ity and may well be depleted (Hobbs and Jones 1993),
and the inshore population is currently exploited, albeit
at a very low level (Forney, in press).

Mindful of the conservation dangers of incorrectly
accepting the null hypothesis that the population is not
subdivided into stocks, we attempted to estimate the
power of our analysis to yield statistically significant re-

sults if the H was indeed false. For this, we assume
that given taxa levels, at least among closely related forms,
are separated by roughly similar relative genetic distances;
the higher the taxa level, the greater the genetic distance.
If genetic distances are calculated from equivalent data
sets, studies of genetic divergence between known stocks
may be, at least as a first approximation, a way to “cali-
brate” stock differentiation, i.e., to estimate “effect size”
(Cohen 1988).

We did this by determining the ® .. values obtained
when comparisons are made of “bona fide” stocks
examined experimentally in the same way as in our pre-
sent study. However, here the reasoning becomes some-
what circular in that bona fide stocks are defined at least
in part when they show statistically significant (o = 0.05)
® ;- values, but the biology and distribution of the two
following stocks used to calibrate effect size make them
likely calibration candidates. We use the Black Sea short-
beaked common dolphins and eastern tropical Pacific
(ETP) short-beaked common dolphins (Rosel 1992),
® .= 0.15, and the exclusively Washington—central
California clade of northwestern Pacific harbor porpoise,
which can be geographically separated into a northern
and southern stock, (DST = 0.18 (Rosel 1992, and ad-
ditional unpublished data from our laboratory). The
harbor porpoise stocks are more differentiated than
the common dolphin ones, although the common dol-
phin pair is clearly isolated by its extreme geographic
separation. The harbor porpoise pair are less obviously
separate stocks, but harbor porpoise are exclusively a
coastal species, and recent contaminant analyses indicate
little exchange between the two geographic regions
(Calambokidis and Barlow 1991).

The question remains, however, is ® o= 0.15 a rea-
sonable level to distinguish between biologically signif-
icant subdivisions and merely statistically significant ones?
Although 0.15 is certainly arguable, it is not unreason-
able to assume that some cutoff value for @ .. exists.
The alternative is that any statistically significant value
for (DST’ no matter how small, 1s evidence for restric-
tive gene flow, and any evidence of restrictive gene flow
would be reason to subdivide a population for manage-
ment purposes. This alternative would be a difticult one
upon which to base management because no natural
populations are likely to exhibit true panmixia. This
would also mean that all genetic tests of stock have
inherently low power because if the effect size for ® ..
approaches zero, then the required sample size approaches
infinity.

Rejecting the alternative, we for the moment con-
sider the minimum value expected for ® ¢ . for similar
mtDNA analyses among similar taxa to be about 0.15.
Then the statistical power of our present study ranges
from 0.90 to 0.95 (figure 2). Put another way, the rate
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of failing to reject a false null hypothesis of panmixia
is 10%.

However, making a decision regarding stock struc-
ture of a species is a subjective one requiring consider-
able experience in order to weigh data from the four
broad classes of information to infer the existence of evo-
lutionarily significant populations, characterized by
unique, adaptable but unmeasurable, genetic variation.
In this study, genetic information from a neutral gene
was sought as a proxy for evidence of adaptable popu-
lation differentiation, and, like other biological infor-
mation (Leatherwood and Walker 1979; Baird and Stacey
1991; and Ferrero et al. 1993), vielded no indication of
population subdivision. And at the same time, we note
that the power of our study was reasonably high.

But the validity of the interspecific calibration of stock
differentiation, as well as the relatively small size of the
coastal sample relative to the offshore sample size, war~
rants caution in accepting the null hypothesis of a single,
panmictic stock for the northern right whale dolphin
on the basis of the relatively high estimated power. In
addition, an international moratorium on high-seas,
large-scale driftnet fishery has reduced the urgency for
such information. Perhaps the most important point of
the study is the importance of considering power in stock
designation studies. The nature of conservation man-
agement, with its need to balance conservation and
economic interests, gives increased weight to negative
results, which are usually dismissed in more academic
investigations.
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ABSTRACT

A mujor limitation of genetic approaches to the study
of ongoing dispersal is that site- or population-specific
markers are rarely available. Over spatial scales that en-
compass transport of propagules, newly generated neu-
tral polymorphisms will have been spread by prior
dispersal. Marine biological invasions provide an alter-
native approach to the study of larval dispersal in two
ways. First, primary invasions generally occur in one or
few sites. The sources of recruits in subsequent range
extension can therefore be traced. Second, invading
species can inject novel genetic markers into native pop-
ulations when hybridization 1s possible. Similarly, when
the distribution -of native and invading species overlaps
narrowly, dispersal can be traced by the movement of
hybrid genotypes from the hybrid zone. Dispersal of the
invading barnacle Elminius modestus in Great Britain, the
crab Carcinus maenas in California, and the green alga
Codium fragile in New England are examples of the first
approach. The unidirectional introgression of the mi-
tochondrial genome of the native northern mussel Mytilus
trossulus into invading populations of Mytilus galloprovin-
cialis in southern California is an example of the sec-
ond approach. Marine biological invasions are increasing
in frequency and in these ways provide population biol-
ogists and geneticists with useful model systems.

RESUMEN

Una de las limitantes mas importantes del estudio de
la dispersion utilizando enfoques genéticos es que rara-
mente se encuentran marcadores genéticos especificos,
de sitios o de poblaciones. En escalas espaciales que abar-
can el transporte de los diseminulos, los polimorfismos
neutrales recientemente generados habran sido disemi-
nados por eventos de dispersidn previos. Las invasiones
bioldgicas en el medio marino proveen un enfoque al-
ternativo al estudio de la dispersion; hay dos posibili-
dades. Primero, las invasiones empiezan generalmente
en uno o pocos sitios, y las fuentes de reclutas pueden
ser rastreadas después de una extensién del rango.
Segundo, las especies invasoras pueden inyectar mar-
cadores genéticos nuevos a las poblaciones nativas (siem-
pre y cuando exista la posibilidad de hibridacién). De
la misma manera, cuando las especies nativas e invaso-
ras traslapan de una manera marginal, la dispersion puede
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ser rastreada por el movimiento de genotipos hibridos
provenientes de la zona hibrida. El primer enfoque es
ejemplificado por la dispersion del cirripedio invasor
Elminius modestus en Gran Bretafia, el cangrejo Carcinus
maenas en California y el alga verde Codium fragile en
Nueva Inglaterra, y el segundo por la introgresion uni-
direccional del genoma de la mitocondria del mejillon
nortefio nativo Mytilus trossulus en la poblacién inva-
sora del Mytilus galloprovincialis en el sur de California.
Las invasiones biologicas en el medio marino han in-
crementado su frecuencia, y tal como se discuti6é ante-
riormente, proveen sistemas modelo utiles a los bidlogos
de poblaciones y genetistas.

INTRODUCTION

Dispersal is a key factor in the dynamics of marine
populations because large numbers of marine species
have planktonic life-history stages. Local populations are
influenced by import and export of propagules, and it
is insufficient to study local production and mortality.
For this reason, there is great current interest in deter-
mining the fate of locally produced propagules and the
source of recruits. Import and export of potential re-
cruits will depend on transport mechanisms that oper-
ate over appropriate spatial scales (e.g., Farrell et al. 1991;
Roughgarden et al. 1991).

Because variation in nucleic acids can resolve differ-
ences at individual, population, and species levels (Hillis
and Moritz 1990), there has been much optimism that
DNA-related approaches will allow population ecolo-
gists to uncover the sources of recruitment into local
populations. However, a major limitation of genetic
approaches to the study of ongoing dispersal is that site-
or population-specific genetic markers are rarely avail-
able. Logically, newly generated neutral polymorphisms
will have already been spread by prior dispersal over spa-
tial scales that encompass transport of planktonic propag-
ules. Current distributional patterns of genetic markers
may indicate historical limits to dispersal (Avise et al.
1987) at large geographic scales, but will not provide
sufficient resolution to discern patterns of dispersal among
demographically linked populations. Direct oceano-
graphic studies of movements of water masses offer one
alternative to genetic approaches, but necessarily make
simplifying assumptions about the behavior of larvae
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(e.g., depth distribution and migration, duration of lar-
val phase, time to competence to settle, etc.) that may
vary in space, time, or across taxa. In this paper, I propose
that marine biological invasions provide an alternative
approach to the study of dispersal.

Marine biological invasions are the arrival and estab-
lishment of marine organisms in geographic regions
where they were previously absent {Carlton 1985, 1987,
1989). In historical times, most marine invasions have
been human-mediated, and various modes of transport
or release have been involved, including the hulls of ships,
releases of aquarium specimens, and releases of aqua-
culturally important species and their epibionts (Carlton
1985, 1989). Today, the most important mode of in-
vasion is untreated seawater used as ballast in ocean-
going ships (Carlton 1985; Williams et al. 1988; Carlton
and Geller 1993). Ships routinely take seawater into
dedicated tanks and holds for extra weight and stabil-
ity. This water is unprocessed, and contains virtually all
organisms in the water column at the time of ballasting
that can pass through a coarse sieve (ca. 2 cmy), includ-
ing the larvae of larger organisms. A recent study by
Carlton and Geller (1993) showed that ballast water
arriving in Oregon from Japan in 159 ships over a
five-year period contained all major marine phyla, with
the absence of sponges and ctenophores (the latter
have now been observed in ballast water [J. T. Carlton,
pers. comm.]). A minimum of 367 distinctly identi-
fiable taxa were observed, with molluscs, polychaetes,
copepods, cirrepedes, and diatoms among the most
abundant and most frequently released taxa. Because bal-
last water is carried from port to port, organisms can
be entrained into a ship in coastal or estuarine waters,
transported hundreds to thousands of kilometers (often
to another continent), and released into other coastal
or estuarine waters. In this way, natural biogeographic
barriers are breached, and organisms may find them-
selves in environments physically and chemically simi-
lar to their home range.

Four characteristics of ballast-water-mediated trans-
port make invasions an attractive alternative for the study
of larval dispersal, because they make it possible to track
range expansion of invading species, and to track genes
introgressing into native populations. (1) Because of
the association with shipping, initial invasions generally
occur 1n one or tew sites (ports). Therefore, subsequent
range extensions of invading species can be easily traced
to specific sources. (2) A broad taxonomic spectrum of
marine organisms is transported in ballast water (Carlton
and Geller 1993), so invading species that are similar to
native species in terms of larval biology and reproduc-
tive phenology may be selected for study. (3) Invading
species can inject novel genetic markers into native
populations when hybridization is possible. Similarly,

when the distribution of native and invading species
overlaps narrowly, dispersal can be traced by the move-
ment of hybrid genotypes from the hybrid zone.
(4) Marine biological invasions appear to be increasing
in frequency (Carlton et al. 1990; Carlton and Geller
1993). Thus if each invasion is considered an “experi-
mental” release, new invasions serve to replicate the
dispersal experiment.

In the following section, I first discuss three exam-
ples of range extension from an area of primary invasion
to illustrate the utility of this approach to the study of
dispersal patterns. Next, I discuss the results of current
research on the spread of the mitochondrial genome of
a native species into allopatric populations of an invad-
ing species through a narrow hybrid zone.

RANGE EXTENSION OF INVADING SPECIES

Elminius modestus

Scheltema and Carlton (1984) summarize the history
of invasion and spread of the Indo-Pacific barnacle
Elminius modestus into Great Britain and Europe. Elminius
was not known in Britain before 1940, and Crisp (1958)
suggests that it was introduced during World War II.
Between 1940 and 1945, this species became established
in southeastern Britain, and then spread rapidly north-
ward and westward. From examination of reports of the
presence of Elminius, Scheltema and Carlton (1984 and
citations within) estimate that Elminius spread at a rate
of 20 to 30 km per year. The larval phase of Elminius is
estimated as 17-34 days, depending on temperature,
which would have easily allowed spread at this rate. By
1956, the species had arrived in Scotland and as far as
northern Germany along the European coast. In this ex-
ample, the source of settlers to previously unoccupied
shore could be rather precisely inferred.

Carcinus maenas

Ruiz and Grosholz (pers. comm. and submitted, 1994)
have described the ongoing invasion of the European
green crab, Carcinus maenas, in northern California. This
crab, an important predator in its native range, was first
discovered in 1989 in San Francisco Bay. C. maenas has
planktonic zoea and megalopa larvae, as do other brachyu-
ran crabs. Thus, this species may serve as a model for
dispersal of native brachyuran species resident in San
Francisco Bay. From 1989 to 1993, Carcinus were not
observed outside of San Francisco Bay. But in January
1993, Carcinus were observed in Bodega Bay, north of
San Francisco Bay. These sightings prompted Ruiz and
Grosholz to investigate the intervening embayments of
Drake’s Estero, Bolinas Lagoon, and Tomales Bay, and
crabs were found in each of these sites by the fall of 1993.
Embayments north of Bodega Bay or south of San
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Francisco Bay (Princeton Harbor, Monterey Bay) have
apparently not yet been invaded by Carcinus as of the
winter of 1993-94.

Several interesting points arise from these observa-
tions. First, a lag of four years occurred before crabs were
observed outside of San Francisco Bay. This may be at-
tributable to a period of local population increase pre-
ceding sufficient larval production for successful export,
transport, and colonization outside San Francisco Bay.
Second, the spread of Carcinus has been exclusively in
the northward direction. Although details of the repro-
ductive phenology of Carcinus in San Francisco Bay are
lacking, this may indicate predominately northerly sur-
face currents at the time larvae are produced.

In summary, the secondary spread of Carcinus after
invasion of San Francisco Bay unambiguously demon-
strates that propagules produced there are the source of
recruitment in Bodega Bay.

Codium fragile

Carlton and Scanlon (1985) describe the arrival and
spread in New England of Codium fragile ssp. tomentosoides,
a large and conspicuous green alga native to western
Europe. Using evidence from herbarium collections, di-
rect observations, interviews of shellfishermen and shell-
fish wardens, and literature reports, Carlton and Scanlon

“infer that Codium arrived first in Long Island Sound in
or about 1956, possibly transported on the hulls of ships.
Subsequent dispersal in the northwestern Atlantic Ocean
apparently involved both human-mediated and natural
dispersal mechanisms. Human-mediated dispersal may
have included transfer on ships’ hulls, on oyster shells,
in fishermens’ nets, and in packing material for lobsters
and baitworm.

In the present context, natural dispersal is of greater
interest. Natural dispersal may have been through motile
gametes (“swarmers”), thallus fragmentation and drift,
or rafting of entire plants. After transplantation on oys-
ters to Chatham, on Cape Cod, in 1961, over the next
10 years Codium spread by natural dispersal mechanisms
along the southern shore of Cape Cod. Dispersal to
the north led to populations on the outer Cape by 1967.
From Buzzards Bay, Codium moved through the Cape
Cod Canal, arriving in Cape Cod Bay by 1972. Reports
of Codium in Cape Cod Bay followed a chronological
sequence consistent with bidirectional spread from the
mouth of the Cape Cod Canal. Codium reached Province-
town in the northeast by around 1975 and Duxbury Bay
in the northwest by 1981. This analysis, summarized
from Carlton and Scanlon (1985), suggests that disper-
sal on both sides of the Cape Cod peninsula is not di-
rectional, though rates of spread may vary. For example,
spread to the northeast was apparently more rapid than
to the northwest in Cape Cod Bay.
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TABLE 1
Frequency of a Mitochondrial DNA Marker Indicative of
Mytilus trossulus and Mytilus galloprovincialis in
Populations from Alaska to Southern California

Site M. galloprovincialis M. trossulus N
Shumagin Island, AK 0 100 20
Seattle, WA 0 100 23
Tillamook Bay, OR. 0 100 54
Netarts Bay, OR 0 100 4
Yaquina Bay, OR 0 100 10
Coos Bay, OR 0 100 159
Humboldt Bay, CA 0 100 11
San Francisco Bay, CA 323 67.7 68
Monterey Bay, CA 72.4 27.6 58
Morro Bay, CA 51.6 48.4 31
San Diego Bay, CA 58.7 41.3 46
Japan (ballast water) 100 0 45

Data from Geller et al. 1994. For details on methods, see also Geller and
Powers, in press.

GENETIC INTROGRESSION AS AN INDICATOR
OF DISPERSAL

The mussel Myfilus galloprovincialis is native to south-
ern Europe and the Mediterranean Sea and has been in-
troduced to many regions globally, including Japan, Hong
Kong, Singapore, South Africa, and southern California
(McDonald et al. 1991; Seed 1992). On the North
American west coast, M. galloprovincialis occur from at
least San Diego to the San Francisco Bay region
(McDonald and Koehn 1988; Sarver and Foltz 1993;
Geller et al. 1994). Although larvae of this species are
regularly released into ports of the Pacific Northwest
from the ballast water of ocean-crossing ships (Carlton
and Geller 1993), these larvae apparently do not survive,
and only the native mussel Mytilus trossulus is found in
these sites (Geller et al. 1994). Both species are found in
the San Francisco Bay region, and will apparently hy-
bridize where overlap occurs (McDonald and Koehn
1988; Sarver and Foltz 1993). Geller et al. (1994) showed
(table 1) the occurrence of the mitochondrial genome
of Mytilus trossulus in southern Calilfornia populations
which analyses of allozymes indicated were purely com-
posed of Mytilus galloprovincialis (McDonald and Koehn
1988; Sarver and Foltz 1993). This suggests the intro-
gression of the mitochondrial genome across a species
boundary, from native M. trossulus in the north to in-
troduced M. galloprovincialis in the south.

One mechanism for mitochondrial introgression could
be the production of hybrid larvae in the zone of over-
lap (San Francisco Bay), followed by transport to the south
and backcrossing of settlers into pure M. galloprovincialis
populations. Female hybrid larvae that are the product
of male M. galloprovincialis and female M. trossulus will
carry the M. frossulus mitochondrial genome. The mat-
ing of such hybrid larvae in a population of M. gallo-
provincialis will produce F, generation individuals that are
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TABLE 2
Expected and Observed Percent Frequencies of Alleles at
Three Partially Diagnostic Loci, and of a Mitochondrial
DNA Marker for Mytilus trossulus®

Locus Allele Mg Mt>® Morro Bay Mission Bay Coos Bay
Gpi
86 0 ¥ 0 0 0
89 0 6 0 0 0
93 0 24 0 0 5
96 1 0 2 0 5
938 0 56 2 7 45
100 92 2 93 85 45
102 0 10 9 0
105 6 2 G 0 0
107 0 0 0 0
Lap
92 0 6 3 0 5
94 4 50 0 2 45
96 69 28 70 56 45
98 23 12 27 40 5
100 4 4 0 2 0
Pem
36 0 0 2 0 0
89 5 0 0 2 0
93 11 0 23 7 0
100 54 10 48 64 10
106 24 32 21 28 35
111 4 52 4 0 5
114 2 6 2 0 5
mtDNA
marker 29 28 100

*Morro Bay N = 28; Mission Bay N = 29; Coos Bay N = 10.
bM.g. = Mytilus galloprovincialis; M.t. = Mytilus trossulus. Expected values
are from McDonald and Koehn 1988.

mostly M. galloprovincialis in nuclear genotype, yet carry
the M. trossulus mitochondrial genome. Actually, biparental
inheritance and heteroplasmy of mitochondrial DNA has
been shown in mussels (Fisher and Skibinski 1990; Hoeh
et al. 1991; Zouros et al. 1992); thus the direction of
crosses may not be important in determining whether
hybrid larvae carry the M. trossulus mitochondrial genome.
A test of this hypothesis 1s to characterize both nuclear
and mitochondrial genotypes simultaneously from mus-
sels from southern California populations. Table 2 pre-
sents preliminary data of this nature (J. B. Geller and D.
Hedgecock, unpublished data). Populations from Morro
Bay, Mission Bay (San Diego), and, for comparison, Coos
Bay, Oregon, were surveyed for allelic frequencies at three
enzyme-coding loci that are each partly diagnostic for
M. trossulus and M. galloprovincialis. These mussels were
also assayed for a mitochondrial marker diagnostic for
M. galloprovincialis and M. trossulus (Geller et al. 1994;
Geller and Powers, in press). As shown in table 2, around
28 percent of individuals from each of the southern
California populations carried the mitochondrial genome
of M. trossulus, while allelic frequencies for the popula-
tions were in general accordance with those reported by
McDonald and Koehn (1988) for M. galloprovincialis.
Coos Bay mussels all carried the mitochondrial genome
of M. trossulus and also had allelic frequencies concor-

dant with those reported by McDonald and Koehn (1988)
for M. trossulus. These data support the hypothesis of
mitochondrial introgression and have implications for
the directionality of larval dispersal.

The direction of mitochondrial introgression 1s asym-
metric, occurring only from M. trossulus to M. gallo-
provincialis. This can be explained in two ways: first,
hybridization may be asymmetrical, in that F, hybrids
may be viable only when they are products of a cross-
ing between female M. trossulus and male M. gallo-
provincialis. If this were the case and if mitochondrial
inheritance in mussels were mostly maternal, then trans-
port of hybrid larvae could be bidirectional, but intro-
gression detectable only in southern populations. Reports
of biparental inheritance in crosses between Mytilus
galloprovincialis and M. edulis, if extrapolated to crosses
between M. galloprovincialis and M. trossulus, render this
hypothesis unlikely (Hoeh et al. 1991; Zouros et al.
1992). An alternative explanation is that transport of
hybrid larvae is predominately to the south. If so, the
absence of M. galloprovincialis mitochondrial genomes in
northern M. trossulus populations can be explained by
the absence of a transport mechanism. Hybrid larvae
carrying the mitochondrial genome of M. trossulus,
M. galloprovincialis, or both, may be carried to southern
populations, resulting in detection of the M. trossulus
mitochondrial genome in those populations.

This proposed pattern of larval transport to the south
seems contradictory to that seen in Carcinus maenas,
described above, in which transport from San Francisco
Bay appeared to be to the north. However, Mytilus from
embayments immediately north of San Francisco were
not sampled in the survey of mitochondrial genotypes,
and analysis of allozymes indicates the presence of M.
galloprovincialis in those populations (McDonald and
Koehn 1988). Thus the distributions of C. maenas and
M. galloprovincialis in the region north of San Francisco
Bay are concordant. Neither species appears north of
Bodega Bay. For C. maenas, insufficient time may ex-
plain its absence farther north, but M. galloprovincialis has
been established in San Francisco Bay much longer, per-
haps since the 1930s. The failure of M. galloprovincialis
to spread north, or the failure of its mitochondrial genome
to introgress into northern M. trossulus populations, sug-
gests either lack of transport farther north, the lack of
suitable habitat north of Bodega Bay, or a combination
of both. If the introgression of the M. trossulus genome
into southern M. galloprovincialis populations is mediated
by southward movement of hybrid larvae, Carcinus mae-
nas should eventually spread to the south.

CONCLUSION

These cases illustrate the utility of marine biological
invasions for the study of ongoing dispersal over geo-
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graphic scales relevant to population dynamics. Invasions
involving large and easily identified organisms such as
Elminius modestus, Carcinus maenas, or Codium fragile offer
the most tractable systems for dispersal studies. However,
many invading species are small, inconspicuous, or tax-
onomically understudied (Carlton and Geller 1993).
Although these species are less attractive for dispersal
studies, they are often highly abundant in the ballast
water of ships. For these species, genetic characteriza-
tion can allow study of their dispersal from an initial site
of invasion. Some invading species are closely related to
native species (i.e., congeners). In these cases, hybrid lar-
vae produced in sites of invasion are “genetically marked”
for their site of origin. Also, hybridization allows non-
native genes to introgress into native populations (Geller
et al. 1994). Thus invasions can serve simultaneously as
models of dispersal and gene flow.

Marine invasions appear to be on the increase: Carlton
et al. (1990) estimate that there 1s currently at least one
successful invasion of San Francisco Bay each year.
Although invasions can be deleterious to native organ-
tsms and should not be encouraged or celebrated, the
association with shipping will continue to propagate
invasions for the foreseeable future. Population biolo-
gists and geneticists have an opportunity to gain useful
knowledge from this inadvertant modification of native
communities.
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ABSTRACT

The hope that “biotechnology” will permit the iden-
tification of geographic sources of recruitment to most
marine animal populations is not well supported either
by logic or fact. First, population genetics tells us that
dispersal among geographic populations is expected, at
equilibrium, to eliminate the very molecular genetic dif-
ferences that are supposed to permit identification of geo-
graphic provenance. Second, studies of allozymes and
mitochondrial DNA have clearly shown that fish and in-
vertebrate species with planktotrophic larvae are genetic-
ally quite similar over large regions, though not necessarily
throughout their whole ranges. Genetic studies are, nev-
ertheless, contributing new insights into the structure
and biology of marine animal populations.

One new insight is that sharp genetic subdivisions can
occur in continuously distributed species, particularly
those spanning biogeographic boundaries. An even more
widespread observation is of very slight but significant
microgeographic genetic heterogeneity embedded within
broad regions of genetically very similar populations.
Examples of the latter from the California Current are
presented for the barnacle Balanus glandula and the north-
ern anchovy Engraulis mordax. Microgeographic hetero-
geneity holds interest for biological oceanographers and
fisheries scientists because it contradicts the logic of pop-
ulation genetics as well as commonly held notions about
the structure of zooplankton populations. Evidence sug-
gests that genetic heterogeneity on microgeographic scales
results from temporal variation in the genetic composi-
tion of recruits. This temporal variation could be a con-
sequence of either selection on larval populations or large
variance in the reproductive success of individuals, owing
to chance matching of reproductive activity with win-
dows of oceanographic conditions conducive to fertil-
ization, larval development, retention, and recruitment.
In support of the latter hypothesis, effective sizes for
natural oyster populations are estimated to be only small
fractions of breeding population numbers. The tempo-
ral aspect of population genetic structure forges a strong
interdisciplinary bridge to oceanographic research aimed
at elucidating the temporally and spatially varying
factors affecting recruitment.

RESUMEN

Ni la l6gica ni los hechos sustentan la expectativa de
que la “biotecnologia” permitira identificar las fuentes

geograficas de reclutamiento en la mayoria de las pobla-
ciones de animales marinos. En primeras, la genética
poblacional nos indica que en condiciones de equilib-
rio se espera dispersion entre poblaciones geograficas
para eliminar las mismas diferencias moleculares genéti-
cas que supuestamente permitirian la identificacion del
sitio geografico de origen. En segundas, los estudios de
alocimos y ADN de la mitocondria han mostrado clara-
mente que las especies de peces e invertebrados con
larvas planctotréficas son genéticamente muy similares a
lo largo de grandes trechos (aunque no necesariamente
a través de todo su rango). Sin embargo, los estudios
genéticos estan contribuyendo conocimientos nuevos de
la estructura y biologia de las poblaciones de animales
marinos.

Una perspectiva nueva es que en especies distribuidas
continuamente pueden ocurrir subdivisiones genéticas
muy marcadas, particularmente en aquellas especies cuyos
rangos incluyen fronteras biogeograficas. Otra obser-
vacién aun mas comun es la sutil pero importante
heterogeneidad microgeogrifica genética que ocurre
embebida dentro de regiones mas extenidas de pobla-
ciones muy similares genéticamente. Se presentan ejem-
plos de este Gltimo caso para el cirripedio Balanus glandula
y la anchoveta nortefia Engraulis mordax. La hetero-
geneidad microgeogrifica es interesante para los oceandlo-
gos bidlogos y los investigadores pesqueros debido a que
contradice tanto la logica de la genética poblacional como
nociones comunes de la estructura de las poblaciones de
zooplancton. La evidencia sugiere que la heterogenei-
dad genética en escalas microgeogrificas resulta de la
variacion temporal de la composiciéon genética de los
reclutas. Esta variacién temporal podria ser resultado
de seleccion en poblaciones de larvas o gran varianza en
el éxito reproductivo de los individuos. Esto altimo
podria ser debido a sincronizacién aleatoria de la ac-
tividad reproductiva con periodos de condiciones
oceanogrificas conducentes a la fertilizacion, desarrollo
larval, retencion y reclutamiento. En apoyo a esta ltima
hipétesis, se estima que los tamafios efectivos de las
poblaciones naturales de ostras son muy pequefios en
relacioén a los tamarfios de las poblaciones de criadores.
El aspecto temporal de la estructura genética poblacional
forja un fuerte vinculo interdisciplinario hacia la inves-
tigacibn oceanografica que se enfoca en dilucidar los
factores dinamicos temporales y espaciales que afectan
el reclutamiento.
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INTRODUCTION

Identification of the geographic sources of recruits to
marine animal populations is important to understand-
ing the coupling of physical and biological processes gov-
erning the distribution and abundance of zooplankton
(GLOBEC 1991). The notion that genes or gene prod-
ucts might provide inborn markers or tags of provenance
has thus proven attractive to oceanographers, particu-
larly in light of the burgeoning promise of biotechnol-
ogy for precision and accuracy of individual genetic
identification (Cullen 1988; Morse 1990; Powers et al.
1990; Incze and Walsh 1991). Origins of recruits to
marine animal populations may be more difficult to
ascertain than anticipated, however, for both theoreti-
cal and empirical reasons.

Migration among populations is a potent, systematic
means of homogenizing the gene pools of conspecific
populations. For simplicity, assume migrants to a local
population i are drawn at random from all other con-
specific populations, and that p is the average frequency
of an allele at a locus for this species. Over a single gen-
eration, then, the change in local allelic frequency, p,,
as a function of p and the proportion of immigrants into
the population, m, is given by (Wright 1931):

Ap, = m(p—p,).

At equilibrium, Apl. =0=(p—p;) so that allelic fre-
quencies in a local population under constant migration
pressure become indistinguishable from those in other
conspecific populations. Of course, the effects of gene
flow can be modeled more complexly, for example, by
taking into account the stochastic effects of finite sub-
population size, the dimensionality and continuity of an
organism’s distribution, or the effects of selection, but
migration remains a potent homogenizing influence
unless diversifying selection at a locus is quite strong. For
selectively neutral genes, one reproductively successful
immigrant in each subpopulation every other genera-
tion 1s enough to maintain cohesiveness of allelic fre-
quencies across all subpopulations (Wright 1931). Thus,
marine animals that are either wholly pelagic or have
planktonically dispersing larvae (i.e., zooplankton sensu
latu) are expected to show little genetic differentiation
over large geographic areas.

Spatial variance in allelic frequencies is typically quan-
tified by Wright’s (1931) standardized variance measure,
Fgp = a2/p(1~p), where p is the average frequency of
an allele in the total population under consideration,
o2 is the variance of p among localities within that
total population, and the denominator p(1—p) is the
maximum variance that would obtain if localities were
each fixed for one of the alternate alleles in a ratio of
p:(1—p). Most zooplankton species are expected to have
For < 0.05 over large regions.
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A substantial number of studies of marine animals
have confirmed the expectation of low spatial genetic
variance (e.g., Berger 1973; Koehn et al. 1976; Winans
1980; Johnson and Black 1982, 1984; Graves et al. 1984;
Watts et al. 1990; reviews or summaries by Burton 1983;
Gyllensten 1985; Hedgecock 1986, 1987; Utter and
Ryman 1993). Marine fish and invertebrates with plank-
tonic larvae generally maintain very similar allelic fre-
quencies over large regions (500-2000 km) so that
geographic variation in allelic frequencies (Fg;) typi-
cally accounts for only a few percent of the total genetic
diversity of these species. Fauna of the California Current
are no exception to this generalization (mussels, Levinton
and Suchanek 1978; pandalid shrimp, Berthélémy 1978;
Dungeness crab, Nelson and Hedgecock 1980, Soulé
and Tasto 1983; barnacles, Hedgecock 1982, unpubl.
obs.; herring, Grant and Utter 1984; nine species of ma-
rine shore fishes, Waples 1987; sardines and anchovies,
Hedgecock et al. 1989; sea urchins, Palumbi and Wilson
1990; dover sole, Vetter, data presented at CalCOFI
Conference, 1993). With so little genetic variation among
geographically widespread populations, it is impossible
to ascertain the provenance of population samples (Utter
and Ryman 1993), much less of individuals. The hope
that detecting individual DNA differences will rectify
this is futile because dispersal ensures that all genetic vari-
ants are eventually broadly distributed.

However, two qualifications to the general rule that
marine animals with planktonically dispersing life stages
are genetically very similar over large regions must be
discussed. The first qualification is that marine animal
species, though genetically very similar over large areas,
are not necessarily homogeneous over their entire ranges.
Rather, zooplankton species may be genetically subdi-
vided on macrogeographic scales, particularly if they range
across boundaries between biogeographic provinces. The
second qualification is that very slight but statistically sig-
nificant and persistent heterogeneities of allelic frequen-
cies have frequently been observed on microgeographic
scales, embedded within the large regions over which
dispersal maintains an otherwise high level of genetic sim-
ilarity as described above. Such observations contradict
the logic of population genetics that gene flow should
prevent such heterogeneity, as well as commonly held
notions about population mixing in the sea. Study of the
causes of microgeographic variation provides a direct link
between population genetics and the ecological and
oceanographic processes affecting recruitment.

MACROGEOGRAPHIC SUBDIVISION AND
PHYLOGEOGRAPHY

Evidence for genetic divergence among large geo-
graphic subpopulations has been reported for many ma-
rine animals with planktonically dispersing larvae (Mulley
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and Latter 1981a,b; Buroker 1983; Grant and Utter 1984;
Avise et al. 1987; Grant et al. 1987; Hedgecock 1987,
Ovenden et al. 1990; Palumbi and Wilson 1990; Reeb
and Avise 1990; Benzie and Stoddart 1992a,b; Karl and
Avise 1992; Macaranas et al. 1992). The degree of sub-
division depends on the genetic markers employed, and
varies from a small proportion of total genetic diversity
to substantial genetic differences suggesting ancient evo-
lutionary separations, warranting in some cases system-
atic study and possibly taxonomic recognition. Very often
the genetic divergence is associated with an obvious
barrier to dispersal—land masses, divergent currents sys-
tems, impassible basins, etc.—but recent studies have
revealed unexpectedly large genetic discontinuities in
continuously distributed populations (Reeb and Avise
1990; Karl and Avise 1992; Burton 1994). These dis-
continuities are sometimes remarkably sharp, evidently
reflecting long-standing barriers to dispersal and gene
flow, and are often associated with known biogeographic
boundaries. The ability to correlate intraspecific genetic
variation, particularly DNA sequence divergence, with
geography has given rise to a new discipline, phylo-
geography, which bridges population genetics, system-
atics, and biogeography (Avise et al. 1987; Avise 1989;
Neigel 1994).

Phylogeographic studies of California Current fauna
are likely to provide new insight into oceanographic con-
straints to dispersal across biogeographic boundaries, such
as Points Conception and Eugenia (see Burton 1994).
However, the depth of population history must be ap-
preciated in these studies. Genetic divergence, which ac-
cumulates over an evolutionary time scale, may not
necessarily accord well with present physical oceano-
graphic conditions or shorter-term ecological processes.

MICROGEOGRAPHIC HETEROGENEITY—
“CHAOTIC PATCHINESS”

An unsolved paradox concerning the genetics of
marine animals that disperse by means of planktonic
larvae is the occurrence of slight but significant local or
microgeographic population structure despite apparently
high gene flow (Johnson and Black 1982; Burton 1983).
Lack of microgeographic patterning of allelic frequen-
cies among population of the limpet Siphonaria sp. led
Johnson and Black (1982) to describe this variation as
“chaotic patchiness.” Two striking examples of this
phenomenon in the California Current are provided
by allozyme studies of the barnacle Balanus glandula
(Hedgecock 1982, 1986, unpubl.) and the northern an-
chovy Engraulis mordax (Hedgecock et al. 1989; Hedgecock
1991; Hedgecock et al. 1994).

Balanus glandula is among the most polymorphic of
crustaceans that have been analyzed for allozyme varia-
tion. The proportion of loct polymorphic in a Bodega

Bay, California, population is 19 of 27 loci (70%); the
average number of alleles per locus is 2.41; and the av-
erage percentage of loci heterozygous per individual is
21.4% (Hedgecock et al. 1982). In order to assess the
genetic consequences of larval dispersal—the larval phase
of B. glandula lasts perhaps up to four weeks in the
plankton (Barnes and Barnes 1956; Strathmann 1982;
J. D. Standing, pers. comm.)—a survey of the most
polymorphic allozymes was made for samples of 17
B. glandula populations, mostly from central California
but including 1 from Alaska and 3 from the Southern
California Bight.

Complete data are available for 5 allozyme loci and
ten sampling localities, nine in north-central California
and one in the Southern California Bight (table 1). A
hierarchical population analysis was made by grouping
sampling localities into four regions and calculating spa-
tial variance components and F-statistics for compar-
isons of locality to region (F, ), locality to total (F -
equal to the Fg. statistic defined in the Introduction),
and region to total (Fp) (table 2A). There is little vari-
ance in the frequencies of alleles from north-central to
southern California (mean F, ... = 0.023); variation among
regions, which includes population samples from two
biogeographic provinces and a substantial divergence of
Got-2 allelic frequencies (cf. locality 10 to the others in
table 1), is no greater on average than variation among
localities within regions (Fp. = 0.011, F, , = 0.012).
A similar analysis for twelve localities, including the
Alaska sample and an additional sample from the Southern
California Bight, but for only 3 of the 5 loci, gave sim-
ilar results. Variation among individuals within single,
0.25 m? samples accounted for 96% of total genetic di-
versity in the species, whereas differences among pop-
ulation samples accounted for only 4% of total genetic
diversity. On this basis, the population genetic struc-
ture of B. glandula fits the generalization that geograph-
ically distant populations are genetically very similar,
most likely because of gene flow via larval dispersal.

Despite this picture of genetic similarity, statistical tests
of the homogeneity of allelic frequencies at 4 polymor-
phic loci reveal slight, but significant differences in al-
lelic frequencies (table 2B), sometimes over short distances
(figure 1). As in Siphonaria, these slight but significant
differences in allelic frequencies have no discernable pat-
tern, and genotypes show no obvious microgeographic
clustering in careful mapping studies (Standing and
Hedgecock, unpubl.). If gene flow via larval dispersal
makes gene frequencies from Alaska to southern
California very similar, why does it not produce statis-
tically homogeneous populations on a local or micro-
geographic level?

On the basis of meristic, morphometric and trans-
ferrin-electrophoretic data (Vrooman et al. 1981) and
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TABLE 1

Allelic Frequencies for Five Loci in Ten Samples of Balanus glandula Populations

Sampling localities?

Locus 1 2 3 4 5 6 7 8 9 10
Got-1

NP 38 48 31 45 48 45 48 14 47 48
109 .026 010 000 044 021 022 .021 000 032 .000
104 .092 104 113 .100 146 156 094 .000 117 .083
100 500 583 677 .556 .552 522 531 .393 574 521
94 368 281 210 289 260 .289 344 .607 .266 .396
89 013 021 000 011 .021 011 .010 000 011 .000
Got-2

N 48 48 36 48 48 45 48 90 48 48
104 .708 615 736 625 573 .578 615 539 677 135
100 292 .365 264 354 427 422 .385 461 323 667
Other© .000 021 000 021 .000 000 .000 .000 .000 1984
Gpi

N 48 48 47 48 48 46 48 93 48 48
106 .031 .010 064 031 021 043 .083 .091 .042 .010
104 .042 063 074 073 042 .043 .052 .059 063 063
100 490 479 457 354 521 413 438 425 469 302
98 375 354 330 417 344 435 365 355 375 563
95 .031 073 043 031 042 .022 063 .043 .052 010
93 031 .010 021 063 .031 .043 .000 .027 .000 .042
Other .000 (010 01 031 .000 .000 .000 .000 .000 010
Mdh

N 48 48 48 48 48 48 48 92 48 48
106 .000 .000 .000 .000 .000 000 021 011 000 .000
100 969 1.000 969 990 958 948 969 957 958 1.000
95 .31 .000 031 010 .042 052 .010 .033 .042 .000
Mpi

N 48 48 48 48 48 46 48 92 48 48
110 .094 083 073 .073 073 141 063 .076 .052 .073
107 292 292 229 229 125 283 292 245 .240 146
103 167 177 177 .250 .260 152 .188 272 177 260
100 354 313 250 344 323 326 292 337 396 .365
95 094 115 219 .396 188 087 135 065 125 125
93 000 010 031 000 010 .000 031 .000 .000 .000
Other .000 010 021 010 .021 011 .000 005 .010 .031

¥Key to sampling localities (all in California): 1, Fort Bragg; 2, Point Arena; 3, Gualala Point; 4, Salt Point; 5, Bodega Harbor jetty, high intertidal; 6, Bodega
Harbor jetty, mid intertidal; 7, Bodega Harbor jetty, low intertidal; 8, Bodega Harbor, Gaffney Point; 9, San Francisco Bay; 10, Point Latigo.

bNumber of individuals studied.
cSome rare alleles are pooled as “Other.”
dA unique 97 allele at Gor-2 was found at this frequency in Point Latigo.

by analogy to concepts of population structure for the
California sardine Sardinops sagax caeruleus (Radovich
1982), the northern anchovy Engaulis mordax is thought
to comprise three geographic stocks—a northern pop-
ulation spawning in the Columbia River plume, a cen-
tral population spawning primarily in the Southern
California Bight, and a southern population spawning
off of Punta Eugenia and in Magdalena Bay, Baja
California Sur. Allozyme and morphometric studies of
aged and sexed specimens from the central stock, which
were collected by NMFS spawning biomass cruises from
1982 to 1985 (a total of over 3000 fish), revealed sub-
stantial genetic polymorphism and morphometric and
life-history variation (Hedgecock et al. 1989; Hedgecock
1991). Detailed analyses of the allozyme data and of
the morphometric data for the larger collections in 1984
and 1985 are presented elsewhere in this volume
(Hedgecock et al. 1994; Nelson et al. 1994).
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Like other members of the Clupeiformes that have
been analyzed by protein electrophoretic methods, the
northern anchovy has substantial levels of genetic vari-
ation. In a survey of 39 protein-coding loci, about 40%
of the loci were polymorphic, and individuals were
heterozygous, on average, at 7.5% of loci (Hedgecock
et al. 1989). An initial survey of genetic variation for the
11 most polymorphic loci, among samples taken from
Half Moon Bay to Santa Monica Bay in early 1982, re-
vealed a typically small allele~frequency variance (mean
F¢4= 0.032). Nevertheless, log-likelihood ratio tests of
the independence of allele-frequencies and locality in-
dicated that 5 loci (Gpi, Hbdh-2, Lgg, Pgm, and Xdh) had
significantly heterogeneous allele-frequencies.

Similar results—low F¢. values but statistically sig-
nificant heterogeneity of allelic frequencies—were ob-
tained in each of four subsequent population surveys
made in December 1982 and the winters of 1983, 1984,
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TABLE 2
Spatial Variation for Five Loci among Samples from 10
Populations of Balanus glandula

A. Variance components and F-statistics for hierarchical analysis

Variance
X Y component Fyy
Locality Region 02924 011
Locality Total 06023 023
Region Total 03099 .012

B. Contingency chi-square analysis for each locus

Number of
Locus alleles Chi-square d.f. p
Goi-1 5 38.165 36 0.375
Got-2 3 215.295 18 0.0
Gpi 7 76.091 54 0.021
Mdh 3 24.665 18 0.105
Mpi 7 105.96 54 0.0
Totals 460.176 180 0.0

Varance components are corrected for sampling error. Regions are: (1) northern
California coast, north of Russian River (four localities); (2) Bodega Harbor,
Calif. (four localities); (3) San Francisco Bay (one locality); (4) Southern
California Bight (one locality). Probabilities for contingency chi-square es-
timated from 1000 Monte Carlo runs of resampled matrix (Zaykin and
Pudovkin 1993).

and 1985 (Hedgecock et al. 1994). F .. ranged from only
0.005 to 0.020 in these surveys, somewhat lower than
that reported for the early 1982 survey, owing primar-
ily to exclusion of two enzymes, HBDH and XDH, that
appeared to be influenced by liver tissue degradation
(Hedgecock et al. 1989). Still, in each of the five sur-
veys, 4 or 5 loci show significant heterogeneity of allelic
frequencies among samples, although the loci showing
this heterogeneity are not necessarily the same from year
to year. With the exception of Idi-1, which was stud-
ied in only four of the five surveys, each locus shows
significant heterogeneity of allelic frequencies in at least
one survey; conversely, each locus has homogeneous
allelic frequencies in at least one survey. Lack of consis-
tency in the loci contributing to heterogeneity, and lack
of spatial patterning of allelic frequencies result in a
picture of “chaotic patchiness” in the genetic structure
of the central stock of northern anchovy.

Genetic differentiation of barnacle populations on a
local scale, despite a potential for high gene flow by
pelagic larvae, can be explained either by differential sur-
vival of genotypes after recruitment or by temporal vari-
ation in the genetic composition of recruits. The same
two hypotheses might apply to northern anchovy, which
can disperse at all life stages, but would require addi-
tional hypotheses concerning the long-term cohesion of
schools or homing to natal waters. Although differen-
tial survival may account for clinal patterns of variation
(e.g., Kochn et al. 1980), which may be consistent with
environmental gradients and natural selection for ap-
propriate physiological responses, it does not explain well
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Figure 1. An example of microgeographic genetic heterogeneity in the bar-
nacle Balanus glandula. Frequencies of six electrophoretically detectable
alleles at the mannose-phosphate isomerase gene, Mpi, across an intertidal
transect. Samples of 48 individuals were collected from each of high, mid,
and low positions in the barnacle zone, spanning about 1 m of intertidal
height, on the jetty at Bodega Harbor, California. These samples were col-
lected one year before samples 57, table 1, with which they can be com-
pared. Allelic frequencies are very significantly heterogeneous over this local
transect (x° = 24.644, 10 d.f., p < 0.003 by pseudo-probability method of
Zaykin and Pudovkin 1993).

the chaotic patchiness of most microgeographic genetic
variation observed to date. On the other hand, temporal
variation in the genotypes of recruits has been demon-
strated as a cause of microgeographic heterogeneity in
limpets (Johnson and Black 1982, 1984) and sea urchins
(Watts et al. 1990). These studies show, moreover, that
temporal variance in allelic frequencies is exceeded by
spatial variance only on scales of several hundreds to
thousands of kilometers.

Although Johnson and Black (1984) believe that tem-
poral genetic variance arises from temporally and spa-
tially varying selection on larvae, an alternative explanation
is that temporal genetic variance is a by-product of a
large sampling error engendered by sweepstakes repro-
ductive success on the part of a minority of individuals
(Hedgecock 1994). The high fecundities and mortali-
ties of early life stages of most marine animals create
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the potential for a large variance in the number of off-
spring that individuals contribute to the next generation
of reproducing adults. Such variance in reproductive suc-
cess would, in turn, limit the effective population sizes
of these species by several orders of magnitude, accord-
ing to the relationship (Crow and Kimura 1970; Crow
and Denniston 1988):

N, = 4N—4)/(V, + 2),

where N, is the effective population size, N is the num-
ber of breeding adults, 1, is the variance in offspring
number per parent, and the population is assumed to be
dioecious and demographically stable. Whereas in ter-
restrial animals 1/, is often binomial or Poisson and the
ratio N,/ N 1s nearly 1.0, in marine species 1/, may be
orders of magnitude larger than binomial or Poisson, and
the N,/N ratio may be a small fraction.

This hypothesis makes two testable predictions. First,
random genetic drift, which is a function of the effec-
tive population size, ought to be measurable if N, is lim-
ited by large I/, Second, to the extent that specific cohorts
of larvae or new recruits represent the reproductive out-
put of a minority of individuals, they should have less
genetic diversity than that which exists in the total adult
population. Thus, studies of temporal genetic change in
adult populations and of the genetic composition of
pelagic larval populations are promising approaches to
testing alternative explanations of chaotic patchiness and
temporal genetic change in marine animal populations.

TEMPORAL GENETIC CHANGE AND
OCEANOGRAPHY

Analysis of temporal genetic change is a powerful
means of measuring random genetic drift, estimating ef-
fective population numbers, and testing hypotheses about
population genetics. The method is particularly robust
over intervals of two to ten generations and when N, is
truly finite (Waples 1989) and has proved illuminating
in the study of isolated, hatchery-propagated stocks of
fish and shellfish (Hedgecock and Sly 1990; Waples and
Teel 1990; Hedgecock et al. 1992). Application of the
temporal method to natural populations now appears
useful in testing the hypothesis that variance in repro-
ductive success limits effective population numbers of
many marine animals.

The analysis is based on the inverse relationship
between observed temporal change in the frequencies
of alleles and the effective size of an isolated popula-
tion, N,

E(F) = /2N, + 1/(2S,) + 1/(2S)),

where E(F) is the expected variance, owing to random
drift of allelic frequencies, between an initial sample
(taken without replacement) of S individuals and a sec-
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ond sample of S, individuals taken (without replacement)
after an interval of ¢ generations. Estimates of temporal
variance are made from data (Pollak 1983), standard-
ized to eliminate the effect of differences in initial allelic
frequencies, and then averaged across loci, weighted by
the number of independent alleles at each locus, to yield
an estimate, ﬁK of E(F) (see Hedgecock et al. 1992).
Rearrangement of this equation yields an estimator, N,
of the effective population number:

Ny = t/Q2[E—~1/(28,)—1/(2S))]).

The terms 1/(2S,) and 1/(28,) are harmonic mean sam-
ple sizes per locus, weighted by numbers of indepen-
dent alleles per locus; temporal variance is thus corrected
for sampling error.

Temporal genetic analysis has been applied to data
from several natural populations of oysters (table 3). The
Dabob Bay, Washington, population of Pacific oysters
1s a semi-1solated, naturalized population, which was es-
tablished by repeated introductions from Japan over
several decades. Mean effective size of this population
over a period of 19 years is estimated to be about 400,
in contrast to annual harvests on the order of 107-108
oysters. Estimating temporal variance and effective size
for local populations of the American oyster appears to
violate a basic assumption of temporal genetic analysis
that the population under study be isolated so that im-
migration plays no role in changing allelic frequencies.
Nevertheless, temporal genetic variance over two gen-
erations (corrected for sampling error) in three Delaware
and Chesapeake Bay localities is as large as or larger than
spatial genetic variance along the entire Atlantic seaboard
(Fgr = 0.029; calculated from data of Buroker 1983).
Actual temporal variance for the Chesapeake Bay site,
0.067, is greater than spatial genetic variance over the
range of the species, from Canada to Mexico (Fgp =
0.039; Buroker 1983). Partial isolation of these oyster
populations cannot be explained by immigration and are
better explained by random genetic drift in partially iso-
lated estuarine populations maintained by larval reten-
tion (cf. Hedgecock 1982). Partial isolation of major
estuarine populations would help explain the evolution
of local physiological races of oysters (Loosanoff and
Nomejko 1951; Hedgecock and Okazaki 1984). Lack
of temporal change for the Long Island site may be at-
tributed to relatively greater gene flow into the more
oceanic Long Island Sound.

Another major assumption of temporal genetic analy-
sis is that the genetic markers are not affected by nat-
ural selection, so that changes of allele-frequencies over
time are attributable strictly to random genetic drift. The
validity of this assumption for allozymes can be verified
in two ways. If allozymes are selectively neutral, then
nE/E(F) is distributed as a chi-square variable with #
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TABLE 3
Mean Temporal Variances in Allelic Frequencies, Fy, and Estimated Effective Population Numbers, Ny for Populations
of Pacific and American Oysters

A. Pacific oysters Crassostrea gigas from Dabob Bay, Washington (after Hedgecock 1994)

Sampling Actual

¢ ! Fr variance variance 1ICL N uCL

1 6 0.0234 0.0114 0.0120 13.4 41.7 218.8
2 11 0.0192 0.0172 0.0020 63.6 511.6 oo

6 5 0.0237 0.0148 0.0089 68.0 336.7 o

7 5 0.0206 0.0136 0.0070 93.0 501.9 oo

9 6 0.0340 0.0141 0.0199 77.1 226.0 804.7
9.5 6 0.0252 0.0139 0.0113 115.0 418.7 9293

B. Four populations of the American oyster Crassostrea virginica sampled two generations apart (after Hedgecock et al. 1992)

Sampling Actual
Locality 1 Fy variance variance ICL Ny uCL
Long Island 6 0.0158 0.0162 —0.0004 62.3 o0 oo
Delaware Bay 6 0.0424 0.0127 0.0296 13.8 33.8 79.4
Chesapeake Bay 4 0.0974 0.0304 0.0670 4.5 149 48.2
James River 6 0.0433 0.0100 0.0333 13.5 30.0 60.8

Interval length in generations is ¢ [ is the number of loci studied; sampling variance is the harmonic mean of sample sizes per locus in the two populations
compared; actual variance is Fy. minus sampling variance; and ICL and uCL are the lower and upper 95% confidence limits on Nj.

degrees of freedom corresponding to the number of
independent loci sampled. Agreement of the observed
distribution with the chi-square distribution provides a
test of the assumption of selective neutrality, as well
as a means for calculating confidence limits on NK
(Waples 1989; table 3). An independent test of selective
neutrality compares the actual loss of alleles over time
to that predicted by population genetic theory assum-
ing N, = N - Both tests have indicated that temporal
genetic change in these oyster populations is caused by
random genetic drift (Hedgecock et al. 1992; Hedgecock
1994).

These observations of random genetic drift confirm
the first prediction of the hypothesis that variance in re-
productive success 1s large enough in certain marine an-
imal populations to limit effective population numbers
to fractions of actual abundance. The observations are
also consistent with the studies of Johnson and colleagues,
indicating that temporal genetic change is not unusual
in marine animal populations. Still, many more tempo-
ral genetic studies are needed to confirm the generality
of these observations.

A second prediction of the hypothesis is for lower ge-
netic diversity in particular cohorts of larvae or newly
recruited juveniles than exists in the spawning adult stock.
This prediction may be verified in the future by detailed
. comparisons of genetic diversities among adults, larvae,
and juveniles. Because mitochondrial DNA appears to
be predominantly maternally inherited in animals, poly-
morphisms in this genome may be ideal genetic mark-
ers for studies of larval broods. Advances in molecular
biology, particularly in the development of enzymatic
amplification of DNA by the polymerase chain reaction

(PCR), now make possible population genetic studies
of marine larvae (Banks et al. 1993), which have not
generally been amenable to allozyme analysis. We are
presently carrying out a detailed genetic study of oyster
larvae in Dabob Bay, an ideal locality because tempo-
rally well-separated larval cohorts can be readily identi-
fied in plankton samples during a spawning season.

As can now be appreciated from satellite imagery
(Roughgarden et al. 1988, 1991), oceanographic processes
and conditions that affect the reproduction of marine
animal life vary not only among years but also within
and among seasons and over mesoscale distances.
Temporal and spatial oceanographic variability has been
correlated broadly with community structure (Parrish et
al. 1981) and more narrowly with overall or regional re-
cruitment success for a variety of taxa (Ebert and Russell
1988; Roughgarden et al. 1988). Nevertheless, the ex-
tent to which variability of the marine environment
might also enhance variance in offspring numbers among
conspecific individuals must now be considered.

To the extent that large variance in reproductive suc-
cess in marine animals is mediated by oceanographic
conditions and processes, there is a strong and direct link-
age between population genetics and oceanography. This
linkage must be forged if we are to understand broader
questions about marine populations, such as their re-
sponses to global climate change (Incze and Walsh 1991).
At the operational level, detailed studies of genetic di-
versities within and between cohorts of larvae might pro-
vide useful information, for example, on the spatial and
temporal dimensions of windows of oceanographic con-
ditions conducive to reproduction and recruitment. Such
studies will require sample sizes of thousands of indi-
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viduals, however, so that appropriate molecular meth-
ods will have to be developed for rapid and efficient pro-
cessing of population samples. This almost certainly means
going beyond the tedious direct sequencing of PCR
products in every individual to the application of sec-
ondary methods for mass screening of particular
nucleotide polymorphisms (e.g., Stoneking et al. 1991)
or length variants at simple repeat-sequence loci (Weber
and May 1989; Frégeau and Fourney 1993).

Within populations, large I/, might make population
responses to selection pressures more complex and in-
determinate than 1s presently appreciated by modelers
of population dynamics. On the other hand, adaptive
divergence among populations with the potential for
gene exchange via dispersing pelagic larvae might be fa-
cilitated by a coupling of large I/, with mechanisms of
larval retention, as perhaps illustrated by the evolution
of physiological races of American oysters along the east-
ern U.S. seaboard. Finally, speciation in the sea may be
more understandable if effective numbers of marine
organisms are orders of magnitude smaller than abun-
dance and if marine species are therefore subject to
shifting-balance evolutionary processes.
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ABSTRACT

Rapidly evolving genetic markers, such as mitochon-
drial DNA (mtDNA) sequence variants, provide novel
opportunities for the study of natural populations, but
not without presenting special challenges in analysis and
interpretation. For many species of marine organisms, it
has been difficult to detect geographic structure in the
distribution of genetic markers. In allozyme studies, geo-
graphic structure was sought in the frequencies of alleles
among populations or locales. However, theoretical con-
siderations suggest that nearly complete demographic
isolation over long periods of time may be required to
produce detectable differences in allele frequencies. Thus,
past connections or demographically insignificant levels
of migration may have obscured ecologically significant
divisions within species.

Genetic markers that evolve rapidly are now being
used, with the expectation that they will provide greater
sensitivity for the detection of genetic structure. In some
cases, mtDNA surveys appear to have fulfilled this ex-
pectation by revealing genetic differentiation on a finer
geographic scale than allozyme surveys. However, in
addition to evolving at a faster rate, mtDNA can be ana-
lyzed in terms of genealogical relationships among se-
quences. In this paper, theoretical models are used to
evaluate methods that use rapidly evolving markers and
genealogical information for the analysis of genetic pop-
ulation structure.

RESUMEN

Los marcadores genéticos que evolucionan ripida-
mente, tales como secuencias variables de ADNmt,
proveen oportunidades novedosas para el estudio de
poblaciones naturales, aunque su analisis e interpretacidén
representan un reto. Para muchas especies de organis-
mos marinos ha sido dificil detectar una estructura
geografica de la distribucién de marcadores genéticos.
En estudios de alocimos, la estructura geogrifica se ha
buscado en la frecuencia de alelomorfos entre pobla-
ciones o lugares. Sin embargo, consideraciones tedricas
sugieren que para generar diferencias en frecuencias de
alemorfos que sean detectables, es necesario un aislamiento
demogrifico casi completo durante largos periodos de
tiempo. De esta manera, conexiones en el pasado o nive-
les demograficos insignificantes de migracion podrian
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haber opacado divisiones ecolégicas importantes entre
especies.

Hoy en dia se usan marcadores genéticos que evolu-
cionan rapidamente con la expectativa de que provean
una mayor sensibilidad para la deteccién de patrones
genéticos. En algunos casos, estudios de ADNmt pare-
cen llenar esta expectativa, revelando diferencias genéti-
cas en una escala geografica mas fina que las reveladas
por los alocimos. Ademas de evolucionar rapidamente,
el ADNmt se puede analizar en términos de relaciones
genealdgicas entre secuencias. En este articulo, se usan
modelos para evaluar métodos que usan marcadores
genéticos que evolucionan ripidamente e informacién
genealdgica para el analisis de la genética de la estruc-
tura de la poblacién.

INTRODUCTION

Species are generally viewed as composed of loosely
connected populations. Populations are thought of as
demographic units, and most individuals enter the pop-
ulation as the immediate descendants of others from the
same population. But some migration between popula-
tions is expected, and it is natural to consider the magni-
tude of migration in terms of the proportion of individuals
that are migrants. This proportion is defined as the
migration rate. Thus we might consider a population
in which less than one percent of the individuals arrive
as migrants (a migration rate of less than 0.01) as a well-
defined demographic unit; another population, which
receives half of its individuals as migrants (a migration
rate of 0.5) might simply be considered as part of a larger
demographic unit. Populations are also thought of as
genetic units, in the sense that most of the gene pool
originates from within the population.

Recently developed techniques, such as DNA finger-
printing, have received much attention because they
can be used to determine first-order relationships (e.g.,
paternity) with a high degree of confidence (Jefireyes et
al. 1985). A simple thought experiment suggests that it
should be possible to extend this approach to identify de-
mographic units and assess levels of migration. First, using
genetic markers, individual paternity could be established
with a high degree of confidence. Once paternity rela-
tionships were known, it would be a simple matter to
distinguish individuals that were migrants from the progeny
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of the residents. In practice, however, we usually cannot
trace individual paternity in natural populations. Instead,
we sample individuals from multiple populations, and
attempt to relate the distribution of genetic variation
among these samples to patterns of migration among
populations. This approach demands the use of models
that predict how demographic processes, such as migra-
tion, will affect the distribution of genetic variation.

In this paper, I will briefly review some theoretical
models that relate migration to the distribution of ge-
netic variation, and then consider some of the special
problems that can be anticipated when we attempt to
put these models to use in marine systems. I will then
explore alternative approaches with rapidly evolving
genetic markers, and offer some predictions on what we
can expect from them.

BASIC THEORY

The basic theory that relates migration to the distri-
bution of genetic variation was developed by Wright
(1951, 1965). Detailed reviews of more recent exten-
sions of this theory, and their relevance to fisheries man-
agement are included in Ryman and Utter (1987).
Fertilization is viewed as a process in which pairs of
gametes are sampled to form zygotes. If each gamete is
represented as a random variable with a value determined
by its ancestry, then a correlation coefficient can be
defined for the pairs of gametes that combine to form
zygotes. Only gametes that trace to a common ances-
tor, and are thus identical by descent, have the same
value. When gametes combine at random, the correla-
tion coeflicient is zero. Positive correlation coefficients
result when gametes of common ancestry combine more
frequently than expected. Wright (1951) defined a set
of correlation coefficients (“F-statistics”) in terms of the
correlations between gametes. Of particular interest here
is Fgp, defined as “the correlation between random
gametes within a population, relative to gametes of the
total population” (Wright 1965). Thus if gametes drawn
from the same population are more likely to have a com-
mon ancestor than gametes drawn from different pop-
ulations, F.is positive. It is important to note that “the
correlation between gametes” makes no reference to
genetic variation, it is based on the ancestry of gametes.

Before the development of molecular genetic mark-
ers, the usual way to calculate Fg. was from pedigree
data (e.g., Wright 1965). But in many situations, in-
cluding studies of natural populations, pedigree informa-
tion is not available, and genetic markers are used as an
indication of ancestry. If gametes can be distinguished
by the alleles they carry, then gametes with a common
ancestry will be more likely to carry the same alleles.
This is the basis for estimating Fg,- from genetic data.
If allele frequencies vary among populations, this implies

that gametes within an individual population are corre-
lated, and Fg.- has a positive value.

A variety of theoretical models indicate a very ro-
bust relationship between F¢.and two other parame-
ters: effective population size and migration rate (the
proportion of individuals that enter a population as
migrants). Here I'll follow the usual convention, and
consider the migration rate to be based on individuals
that not only physically move between populations,
but also are successful at reproduction as well. In these
models, the equilibrium value of Fg; represents a bal-
ance between the process of genetic drift and migration.

Genetic drift occurs when some gametes are by chance
overrepresented among those that form zygotes, and the
pairing of these correlated gametes increases Fg. . The
magnitude of this sampling error is inversely related to
the “effective population size.” The effective population
size 1s generally smaller than the actual number of indi-
viduals in the population, because differences in the
reproductive contributions of individuals increase the
sampling variance for gametes.

The effect of migration is opposite to that of genetic
drift. By adding gametes that originated from outside
the population to the sample, migration lowers F. . If
both genetic drift and migration are taking place among
a large group of populations, F ¢ will approach an equi-
librium value, Fgp

) 1
Fst = AN (M

where N, is the effective size of each population, and
m is the proportion of individuals in each population
that are migrants. ,

There has been some confusion over how F¢.should
be estimated from actual data, and how it should be in-
terpreted (see Weir and Cockerham 1984). For exam-
ple, real populations are unlikely to be of uniform size
or to exchange migrants equally; thus an “average” F¢.-
must be defined to accommodate this heterogeneity. A
more workable quantity, G, was introduced by Nei
(1973), with provisions for multiple alleles and multiple
loci. However, as exemplified by Cockerham and Weir’s
analysis (1993), it is useful to retain the somewhat ab-
stract definition of F¢, so that it remains independent
of the method used for its estimation. In this way, F¢-
can provide a standard basis for comparison of different
methods and approaches. If F,.1s defined as a purely
demographic parameter—i.e., Wright’s (1951) “corre-
lation between gametes”—then, in theory, an accurate
estimate of Fg . from allozyme data should agree with
an estimate based on DNA sequence data. If these esti-
mates did not agree, then it would indicate that at least
one of the estimates was wrong. Fg. is thus widely used
because it should be possible to compare independent
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Figure 1. An equilibrium for Fgy occurs at the point where the increase due
to genetic drift (dashed lines) is balanced by the decrease due to migration
(solid lines). The lines cross over the equilibrium values of Fgy for particular
combinations of effective population size and migration rate. Several of these
combinations yield an equilibrium Fg; of 0.56. Because genetic drift is
dependent on population size, less migration is needed to achieve this value
in larger populations.

measurements of F¢,. and relate them all to underlying
demographic processes. In this paper, I will use Fg,. to
refer to the theoretical demographic parameter, and G
to refer to statistics that are based on genetic data.
Although this convention is not universally applied, it
reflects the original definitions of these quantities and
avoids the introduction of additional terminology.

Fsy AND ESTIMATES OF MIGRATION

Equation 1 implies that the migration rate among a
group of populations can be estimated from Fg.
However, there are several limitations to this approach.
First, the equilibrium value of Fg - represents a balance
between the opposing effects of genetic drift and mi-
gration. But whereas the effect of migration is depen-
dent only on the migration rate, the effect of drift 1s
inversely proportional to population size. Thus in larger
populations, the effect of genetic drift is reduced, and a
lower migration rate can achieve the same equilibrium
value of F..as would be reached in smaller populations
with higher migration rates (figure 1). For example, pop-
ulations of 100 individuals that exchanged 50% of their
individuals as migrants would reach the same F; as
populations of one million with only 0.005% migration.
As a consequence of this dependency on population size,
very little migration is needed between large popula-
tions to keep Fp close to zero.

In the above example, the equilibrium value of Fg¢.-
would be 0.005. Such small values of F¢. are difficult
to estimate accurately from population genetic data be-
cause they require the detection of small differences in
allele frequencies. To further complicate matters, the ef-
fective population size, N,, cannot simply be equated
with the number of individuals in the population, but
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Figure 2. Among large populations, a brief episode of migration can have a
long effect on Ggr. In this numerical example, the migration rate among pop-
ulations of 100,000 was raised from zero to 0.1 at generation 10,000, then
returned to zero after ten generations. In this example, the equilibrium value
of Ggyreflects a balance between genetic drift and a mutation rate of 1076

must be adjusted for various factors that would affect the
process of genetic drift. These include the sex ratio, the
variance in number of offspring per individual, and fluc-
tuations in population size over time. In practice, effec-
tive population size can seldom be estimated with much
confidence.

A second problem with the interpretation of Fg is
the possibility that the populations have not reached an
equilibrium between genetic drift and migration. Crow
and Aoki (1984) showed that the number of generations,
t, for Fg to be near an equilibrium value is:

1
t= " 1 2)

2m+—1—

2N,

In most instances, one of the two terms in the denom-
inator will tend to be the major determinant of «. If the
migration rate, m, is small relative to 1/2N,, populations
will slowly diverge under the process of genetic drift,
and F ¢, will approach its maximum value of one. It
takes genetic drift approximately 2N, generations to ap-
proach this equilibrium. If, on the other hand, the migra-
tion rate is relatively high, migrants and residents will
quickly become mixed, and F¢,- will approach zero.
Migration requires only about 1/2m generations to ap-
proach this equilibrium. This behavior implies that al-
though F¢; can be rapidly lowered by a high migration
rate, the elevation of Fg . by a reduction in migration
will occur very slowly (see figure 2). Thus observations
based on F. cannot distinguish between the immedi-
ate effects of ongoing migration and the residual effects
of past migration.

Fsr AND MARINE POPULATIONS

Allozyme surveys of marine species with nektonic or
extended planktonic life stages have typically shown very
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little genetic divergence between geographic locales (for
example, see the reviews by Gyllensten 1985, on non-
anadromous marine fish, and Burton 1983, on marine
invertebrates). Furthermore, reports of genetic diver-
gence with low Fo . (or G¢;) values should be treated
with caution.

There are two components to the variance in allele
frequencies among population samples. One is the ac-
tual variance in allele frequencies among the popula-
tions; the other is the variance due to sampling a limited
number of individuals from each population. If correc-
tions are not applied for the latter component of vari-
ance, the estimate of Fg. will be upwardly biased, and
it will appear that there 1s some population structure
when there 1s actually none.

For example, imagine a group of populations, among
which there 1s a very high level of migration, so that
allele frequencies are exactly the same in each population.
Samples of 15 individuals are taken from each popula-
tion, and the frequencies of two alleles at one locus are
determined for the samples. The actual allele frequen-
cies in the populations are 0.5, but because of sampling
error, the allele frequencies in the samples will vary
around 0.5. The expected variance in allele frequencies
among the samples would be about 0.008, correspond-
ing to an uncorrected Gg. value of 0.03. With equa-
tion 1, the estimate for N,m would be 7.25. Thus
regardless of how much migration was actually occur-
ring, it would appear that migration was limited to about
7 individuals per generation. For large populations, this
would erroneously suggest a very low migration rate
(7.25 divided by the population size).

Methods for obtaining unbiased estimates of F¢.-and
related quantities have been developed by Nei and Chesser
(1983) and Weir and Cockerham (1984). The latter
method also corrects for the sampling error associated
with a small number of populations. Unless such meth-
ods have been used, small values of G g cannot be
considered good evidence of population structure.

An obvious explanation for the absence of discernible
population structure in a marine species 1s that the po-
tential for dispersal, provided by either passive transport
In currents or active swimming, allows sufficient migra-
tion to prevent divergence among populations. Marine
invertebrates without extended pelagic stages often do
exhibit significant population structure (Hedgecock 1994).
But lack of population structure can also be explained
as an effect of large effective population sizes. Among
large populations, the level of migration required to pre-
vent genetic divergence is lowered. Furthermore, the ef-
fects of a past migration event would last longer in a large
population, again because genetic drift would operate
more slowly. Thus when we examine large populations
that have the potential for high rates of gene flow, even

if this occurs only rarely, it is not surprising to find lit-
tle evidence of genetic divergence. Unfortunately, we
cannot assume that such populations are strongly linked
in a demographic sense. For example, consider a group
of isolated populations with effective sizes of 100,000.
An episode of migration, with a migration rate of ten
percent for only ten generations, would eliminate nearly
all of the divergence among them. However, if these
populations then became completely isolated again, with
no migration, it would take hundreds of thousands of
generations for genetic divergence to be restored (figure
2). Thus the absence of genetic evidence for stock struc-
ture does not imply that such structure does not exist.

ALTERNATIVE APPROACHES

With the availability of new and more powerful mo-
lecular tools, more sensitive methods for detecting pop-
ulation genetic structure should be found. We cannot
assume, however, that detection of more variation will,
by itself, reveal more population structure. For although
more sensitive molecular techniques can reveal additional
genetic differences between individuals from different
populations, the background level of genetic differences
between individuals from the same population will also
be increased. Our ability to detect population structure
depends on finding, on average, more differences between
individuals from different populations than between in-
dividuals from the same population.

The basic theory described above implies that if the
correlation between gametes within a population is weak,
it should be equally weak when measured with either
moderately polymorphic or highly polymorphic genetic
markers. Thus if we cannot differentiate populations with
moderately polymorphic markers, highly polymorphic
markers may do no better. This is not to say that de-
tecting additional genetic variation isn’t of any help at
all. For those cases in which earlier attempts have failed
to find any genetic polymorphisms, or for those in which
the polymorphisms that were found were inadequate for
statistical reasons, more suitable markers can probably be
found by using molecular techniques.

The best hope for the development of more sensi-
tive methods for analyzing population structure may lie
not with the detection of more genetic variation, but
rather with the detection of different kinds of varia-
tion. The first indication of this came about with studies
of mitochondrial DNA variation in animal populations.
In some cases, surveys of mtDNA appeared to provide
a much more detailed picture of geographic variation
than had allozymes (Avise et al. 1987; Moritz et al. 1987).
This could be due in part to the maternal inheritance
of mtDNA. Because females pass on a single mtDNA
genotype to progeny, the effective population size for
mtDNA is probably smaller than that for nuclear genes,
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including those encoding most allozymes, which are pre-
sent in two copies per individual and subject to biparental
inheritance. A smaller effective population size would
accelerate genetic drift, and thus increase divergence
among populations. But even without this presumed ef-
tect of maternal inheritance, the very nature of mtDNA
data would provide a different view of genetic popula-
tion structure than that seen with allozyme data. This
1s because the polymorphisms detected in mtDNA mol-
ecules can be used to infer genealogical relationships
(Avise et al. 1987).

The genealogical dimension of mtDNA data makes
it possible to apply methods of analysis that could not
be used with allozyme data. For example, the principles
of cladistics can be applied to mtDNA variation within
a species or population. In the cladistic approach to
systematics, “characters” shared among groups of or-
ganisms are used to place them into hierarchical groups,
or “clades.” This hierarchy of groups is represented as a
phylogenetic tree. One of the major tools of cladistics,
parsimony analysis, identifies the phylogenetic tree that
requires the least number of character transformations.

Slatkin and Maddison (1989) developed a method to
estimate the product of eftective population and migra-
tion rate (N m) from a phylogenetic tree of the mtDNA
within a species. This method treats the geographic
location of each individual as a character, and uses a par-
simony analysis to determine the minimum number of
migration events that could reconcile this location “char-
acter” with the mtDNA phylogeny. Computer simula-
tions provide a simple function to convert the minimum
number of migration events to an estimate of N m.

Neigel et al. (1991) observed that in many animal
species, mtDNA variants (referred to as haplotypes) do
not appear to have reached equilibrium distributions
across the species’ range. Groups of related mtDNA hap-
lotypes, which represent maternal lineages, are often
clustered geographically. Whereas geographic clustering
of individual haplotypes could be explained by drift, the
clustering of multiple related haplotypes implies that the
association is historical. A model was proposed in which
each new mtDNA lineage begins with a single individ-
ual at a specific location, and then disperses from that
point over multiple generations. Dispersal is not lim-
ited to movements between distinct populations, but is
limited by absolute distance. Individual haplotypes rep-
resent the youngest lineages; older lineages are composed
of groups of related haplotypes. The model predicts
that if dispersal is constant over time, the variance of a
lineage’s geographic distribution should be proportional
to 1ts age.

Furthermore, if the ages of mtDDNA lineages can be
estimated in generations, a standardized single-generation
dispersal distance can be estimated from mtDNA data.
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Figure 3. The relationship between the ages of mtDNA lineages and the
variances of their geographic distributions in the American oyster,
Crassostrea virginica. The positive slope of this relationship indicates that
younger lineages have not achieved equilibrium distributions, and corre-
sponds to a single-generation dispersal distance of 3.3 km.
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This concept was tested further by Neigel and Avise
(1993), who analyzed nine mtDNA data sets, including
data from the American oyster, Crassostrea virginica; the
American eel, Anguilla rostrata; and the hard-head cat-
fish, Arius felis. Of these three marine species, only the
American oyster showed evidence of nonequilibrium
distributions. As shown in figure 3, the geographic distri-
butions of older lineages have higher variances. The slope
of this relationship corresponds to a single-generation
dispersal distance of 3.3 km.

In retrospect, it is not surprising that the genealogical
nature of mtDNA variation has suggested new approaches
for the analysis of genetic population structure. The basic
theory represented by the use of F¢ - as a population
structure parameter has now been extended to include
maternally transmitted mtDNA (Takahata and Palumbi
1985) as well as genealogical relationships among DNA
sequences (Slatkin 1991). However, these alternative
methods of analysis still require that the frequencies of
genetic variants have diverged between populations, and
thus the methods are of no help if divergence is lacking.

‘What is more surprising is that some populations that
exhibited very little divergence in allozyme allele fre-
quencies have been found to differ sharply in mtDNA.
One of the most dramatic examples is provided by
studies of the American oyster, Crassostrea virginica. The
contrast between the results of an allozyme study con-
ducted by Buroker (1983) and a mtDNA study
conducted by Reeb and Avise (1990) are shown in fig-
ure 4. Although allozyme frequencies at most loci
are similar among these populations, there is a sharp
division in mtDINA variation that separates Atlantic and
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Figure 4. Geographic variation in frequencies of allozyme alleles and
mtDNA haplotypes in the American oyster, Crassostrea virginica. Upper
panel, frequencies of most common allele at 5 allozyme loci (Buroker 1983).
Lower panel, frequency of Atlantic mtDNA type (Reeb and Avise 1990).
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Gulf of Mexico populations. This difference in resolu-
tion is clearly not due to the greater variability of
mtDNA. Even if only the two major lineages of mtDNA
were distinguished, the pattern would still be very clear.
It also seems unlikely that a difference in effective pop-
ulation size could produce such a dramatic difference
between allozyme and mtDNA distributions. The dif-
ference in Fg - for these data sets corresponds to over
a hundredfold difference in Nm. In the case of the
American oyster, it appears that either allozymes,
mtDNA, or both are not behaving as predicted by the
basic theory that links migration to genetic divergence.
Because this theory assumes that the genetic markers in
question are not subject to natural selection, one possi-
bility is that the frequencies of allozyme alleles are held
constant by natural selection, while mtDNA variants are
subject to genetic drift. :

Support for this interpretation was recently provided
by a study of nuclear DNA sequence polymorphisms
in the American oyster. Karl and Avise (1992) examined
variation in “anonymous” nuclear single copy DNA
sequences, which for the most part do not appear to
encode proteins, and would therefore not be subject to
the same forms of selection that would act upon genes
that encode allozymes. Although these nuclear DNA se-
quences were only moderately polymorphic, they clearly
separated Gulf of Mexico and Atantic populations and
therefore corroborated the mtDNA pattern.

The complete replacement of one form of mtDNA
with another, as well as the extent of mtDNA sequence
divergence between Atlantic and Gulf of Mexico pop-
ulations of American oyster, suggests a long period of
complete demographic isolation, such as would be
expected of distinct species. This is a crucial point,
because although mtDNA proved to be a better tool
than allozymes, it was not by virtue of detecting weak
population structure. Apart from the major Gulf/
Atdlantic division, the mtDNA survey of Reeb and Avise
(1990) revealed very little population structure. For
example, it did not distinguish oysters from individual
embayments. This is consistent with other surveys
of mtDNA in marine species, many of which have
failed to reveal any significant population structure

(Ovenden 1990).

CONCLUSIONS

Two basic approaches can be followed in future appli-
cations of molecular markers to detect and quantify the
weak genetic population structure expected in marine
systems. First, more refined estimates of For could be
made by increasing both the number of polymorphic
loct and the number of individuals sampled. As discussed
above, it 1s not enough to find differences in the fre-
quencies of genetic markers among population samples;
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these differences must be shown to be statistically signi-
ficant. For this approach, nuclear DNA markers may
be superior to mtDNA. Although it is not a trivial mat-
ter to identify nuclear DNA polymorphisms (see Karl
and Avise 1993), the sampling of multiple independently
segregating loci is only possible with nuclear markers.
Furthermore, there is no clear benefit to using an ex-
tremely polymorphic molecule. Excessive polymorphism
can actually obscure genetic population structure if the
markers fail to reveal similarities as well as differences.
Development of new technologies for screening DNA
polymorphisms, such as denaturing gradient gel elec-
trophoresis (Myers et al. 1986), should allow larger num-
bers of individuals to be sampled, perhaps in the range
of several thousand. Such large sample sizes would ex-
tend the statistical power of conventional approaches to
the detection of genetic population structure.

A second, more daring approach is to experiment
with novel genetic markers, with the hope that some
may prove especially good at detecting genetic popula-
tion structure. If mtDINA has occasionally revealed pre-
viously unseen population structure, other markers may
do so as well. Recently, Turner and co-workers (1991)
reported a highly repetitive DNA sequence in pupfishes
(Cyprinodon variegatus) that exhibits extreme uniformity
within populations, but marked divergence between pop-
ulations along the Atlantic coast of North America. In
contrast, allozyme surveys have not differentiated these
populations (Darling 1976; Duggins et al. 1983). One
possibility is that, as suggested for the American oyster,
allozyme alleles in pupfish populations are maintained at
nearly constant frequencies by selection. The divergence
of repetitive sequences may then simply represent nor-
mal genetic drift. Another, more tantalizing, possibility
also exists. Other repetitive sequences, such as those that
code for globin genes, are known to exhibit a phe-
nomenon called “concerted evolution” (Zimmer et al.
1980), in which copies of a sequence within a lineage
diverge more slowly than homologous sequences in dif-
ferent lineages. If concerted evolution occurs at the level
of populations, it is conceivable that an unusually high
proportion of variation in repetitive sequences may be
partitioned among populations.

It has often been difficult to detect genetic differences
between populations of marine species that have plank-
tonic larvae. If genetic differences are in fact present,
molecular methods that can increase sample sizes and
identify novel kinds of markers may help to surmount
this hurdle. Once genetic differences between popula-
tions are detected, the new statistical tools that have been
developed from theoretical population genetics can be
used to analyze these differences, and should provide
new insights into the biology and history of marine
populations.
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EXTENDED ABSTRACT

Polymerase chain reaction (PCR) and direct se-
quencing of mtDNA and microsatellites were used to
test genetic diversity and biogeographic distributions in
putative wild (N = 32) and hatchery (N = 6) popula-
tions of steelhead trout (Oncorhiynchus mykiss) in California.
Total genomic mtDNA was extracted nonintrusively
from fin tissue (2 mm?) taken from 426 wild fish and 66
hatchery fish throughout California. Extraction, ampli-
fication, and visualization of mtDNA followed methods
given in Nielsen et al. (1994). Mitochondrial types were
derived from analysis of base pair differences found in a
highly variable region of the 3' end of the salmonid
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mtDNA control region (196 bp) and a 5 bp section of
the adjacent phenylalanine tRINA. Nucleotide variation
was found at nine sites (4.5%), and 13 different steelhead
mtDNA types were identified in California (table 1).
Distribution of steelhead mtDNA types in wild fish cap-
tured along the coast of California showed a distinct bio-
geographic frequency gradient, with different mtDNA
types dominating broad geographic areas (figure 1
Hatchery populations in the same geographic areas lacked
any similar biogeographic cline (Nielsen et al. 1994).
A subset of the same wild individuals used for mtDNA
analysis (N = 144) was investigated for dispersed repet-
itive nuclear DNAs by means of PCR. amplification and

~—

TABLE 1
Steelhead (Oncorhynchus mykiss) mtDNA Types Found in 32 Streams and 6 Hatcheries throughout California, 1990-1993

Variable sites

mtDNA type N 63 86 94 96 130 148 151 154 194
ST1 161 T T T T A A G G
ST2 33 T T T A A G G
ST3 88 T G T T T A A G
ST4 7 T G T T [ ¢ | ¢ | a G G
ST5 59 T G T T | ¢ [ ¢ | * ]| ¢
7 w1 o e 1 el el + 1 o A
ST7 9 T G T T A A G
ST9 9 T G T T T A A G
ST10 1 T G T T A A G
ST11 0 T T T T A A G G
ST12 30 T G T T A G G
ST13 15 T G T T | ¢ | ¢ [ +« 1 ¢ G
ST14 1 G T T T A A G
TOTAL 492 California steelhead: hatchery and wild

426 California steelhead: wild stocks only

The number of fish (V) found in this study is given for each type. An asterisk (*) represents a nucleotide deletion. Type #11 was found only in steelhead out-

side of California.
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Figure 1. Frequency distributions of wild steelhead mtDNA types found
throughout California. The northern range extends from the mouth of the Eel
River (Humboldt County) to the Navarro River (Mendocino County); the cen-
tral range is from the Russian River (Sonoma County) to the Carmel River
(Monterey County); the southern range runs from Santa Rosa Creek (San
Luis Obisbo County) to Malibu Creek (Los Angeles County).

a microsatellite probe (OMY77) developed in the Marine
Gene Probe Laboratory at Dalhousie University by J. M.
Wright. This probe disclosed twenty microsatellite al-
leles, ranging in size from 80 to 141 bp, in California

steelhead (J. L. Nielsen, unpublished data). The bimodal
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Figure 2. Frequency distribution of microsatellite alleles (given sequentially
by size) obtained from analysis of 144 wild California steelhead, using the
microsatellite probe OMY77, developed at Daihousie University by J. M.
Wright. Geographic ranges used to compare frequencies were the same as
those given in figure 1. The letters indicate alleles where southern (S), central
(C), or northern (N) frequencies were significantly different from those calcu-
lated with chi-square analysis (p < 0.05) for the other geographic areas.

frequency distribution of nuclear alleles, amplified by
OMY77, was biogeographically distinct for alleles and
geographic location (figure 2; likelihood chi2 = 129.7;
d.f. = 38, p < 0.001). Chi-square analysis of frequency
distributions within each microsatellite allele showed five
alleles that occur at significantly different frequencies
{contingency chi-square, p < 0.05) for difterent geo-
graphic areas. Further nuclear biogeographic resolution
may be gained with additional microsatellite probes under
investigation in our laboratory.

Parsimony analysis of the anadromous steelhead pop-
ulations (PAUP V3.0) showed no significant geographic
monophyletic relationships and supported significant
gene flow between steelhead populations along the
California coast (J. L. Nielsen, unpublished data). Some
mtDNA types (#5, #6, and #8), however, remain rel-
atively isolated in southern California. An area clado-
gram using character compatibility was run on 17
anadromous steelhead streams in California (CAFCA;
M. Zandee, Dept. Theoretical Biology, P. O. Box 9518,
2300 RA Leiden, Netherlands.) This program combines
a maximum parsimony tree with a presence-absence
matrix based on geographic location. CAFCA added
resolution to the hypothesis of recent reproductive iso-
lation of southern steelhead populations by portraying
all the southern steelhead streams as a single biogeo-
graphic clade (figure 3).

Ocean conditions contributing to the relative repro-
ductive isolation of California steelhead genotypes
leading to the mtDNA biogeographic cline remain spec-
ulative. An aquatic biogeographic species boundary run-
ning southwest from around Point Conception into
the Pacific Ocean (Hedgecock et al. 1992) parallels the
northern division of steelhead genotypes found primar-
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Gualala River (N)
Navarro River (N)
Howard Creek (N)

—— Ten Mile River (N)
Eel River (N)

San Lorenzo River (C)
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Figure 3. Area cladogram showing biogeographic character compatibility in
17 California steelhead streams from different geographic areas. Resuits
were plotted after analysis of a maximum parsimony tree using PAUP V3.0
and the biogeographic function of CAFCA (available from M. Zandee, see
text for address). Geographic stream locations are given as letter codes:
N = northern; C = central; S = southern.

ily in southern California. This suggests that ocean cur-
rents along the southern California coast may have played
a role in the distribution of southern steelhead lineages
found in this study. At about 32° N the California Current
turns eastward, flowing into the Southern California
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Bight, creating an oceanic gyre that ends in a strong oli-
gotrophic front (the Ensenada Front) at the center of the
bight (Lynn and Simpson 1987; Thomas and Strub 1990).
Unique southern steelhead mtDNA types are found in
streams that enter the ocean from about 36°30' N (Santa
Rosa Creek) to 34° N (Malibu Creek); however, their
historic distribution extended farther south into Baja
California (about 32° N). Their distribution remains
within the richer nutrient areas of the gyre along the
southern California coast (Strub et al. 1991). Spring and
summer nearshore movements of steelhead smolts as they
enter the ocean environment in southern California may
remain localized in these areas. Subsequent adult oceanic
migration behavior based on prevailing oceanic currents
may also have contributed to the isolation of southern
steelhead genotypes in California. The presence of north-
ern genotypes, in low frequencies, in most southern
anadromous steelhead populations suggests continued
gene flow from north to south along the coast follow-
ing the general direction of the California Current.

Putative relic steelhead populations, separated from
the ocean by water impoundment dams built at the turn
of the century, were found in our study to have geno-
types endemic to their local geographic range as shown
in contemporary anadromous stocks (Santa Ynez River,
Sespe Creek, Matilija Creek). This suggests that south-
ern steelhead stocks are not the result of recent anthro-
pomorphic manipulation, and must be viewed in an
evolutionary context.
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ABSTRACT

The CalCOFI data set for sardine and anchovy eggs
and larvae from 1951 to 1989 formed the basis of this
analysis. The seasonal pattern is described on a monthly
basis; for the geographical analysis the CalCOFI area was
divided into alongshore regions and oftshore-onshore
regions. The percentage of positive stations was used to
describe the seasonal and geographical patterns of sar-
dine and anchovy eggs and larvae. Two seasonal spawn-
ing patterns for sardine are described: one associated with
the Southern California Bight area (northern pattern)
and another located off Punta Eugenia, Baja California
Sur (B.C.S.), Mexico (southern pattern). The northern
pattern takes place from February to June—July; the south-
ern pattern occurs from August to October. The tran-
sition zone between patterns could be Punta Baja, Baja
California, Mexico. In contrast, the spawning pattern
described for anchovy shows no geographical varia-
tions from Point Conception, California, to Magdalena
Bay, B.C.S., and takes place from December to April,
with high numbers of eggs and larvae in the Southern
California Bight; there is, however, a secondary spawn-
ing center in the Punta Eugenia region.

RESUMEN

El presente anilisis se fundamenta en la base de datos
de “CalCOFI” de huevos y larvas de sardina y anchoveta
de 1951 a 1989. Se describen los patrones estacionales
sobre una base mensual. Para el anilisis geogrifico, se
usaron diversos criterios: el 4rea total abarcada por los
muestreos “CalCOFI”, y subdivisiones de ésta drea,
por regién a lo largo de la costa, y por regiones costeras
vs. regiones en mar adentro. Se usé el porcentaje de esta-
ciones con presencia de huevos y larvas de sardina y
anchoveta para describir los patrones estacionales y geo-
graficos. Se describen dos patrones estacionales de de-
sove para la sardina. El patrén “nortefio” ocurre de febrero
a junio—julio al sur de California, mientras que el “surefio”
ocurre de agosto a octubre en Punta Eugenia, Baja
California Sur (B.C.S.), México. La zona de transicién
entre ambos patrones podria ser Punta Baja, Baja
California, México. En contraste, ¢l patréon de desove de
la anchoveta no varia geograficamente desde Point

{Manuscript received January 15, 1994.]
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Conception, California, hasta Bahia Magdalena, B.C.S.,
y ocurre de diciembre hasta abril con maximos de huevos
y larvas en el sur de California. Existe asimismo un punto
de desove secundario en el area de Punta Eugenia.

INTRODUCTION

The distribution and abundance of sardine (Sardinops
sagax) and anchovy (Engraulis mordax) eggs and larvae
in the California Current system have been intensely
studied since the end of the 1940s, when the California
Cooperative Oceanic Fisheries Investigations Program
(CalCOFI) was established. This program was designed
to obtain information about the causes of the great de-
cline in sardine catches (Chelton et al. 1982). CalCOFI
carried out oceanographic/biological cruises on a
monthly basis from Cape Mendocino, California, to
Cabo San Lucas, Baja California Sur (B.C.S.), Mexico,
to more than 200 nautical miles offshore.

In this paper I use the extensive CalCOFI data set to
describe the distributional and abundance patterns of
sardine and anchovy eggs and larvae observed during the
1951-89 period. Moser et al. (1993) presented a global
analysis of the whole CalCOFI area; here I explore de-
tailed area/time windows to find seasonal trends. No in-
terannual variations are accounted for because they are
the subject of a second paper in preparation. The sea-
sonal variation is described, and its possible causes are
discussed.

Sardine and Anchovy Fishery/
Population Fluctuations

Even a superficial review of catch statistics of the small
pelagic fishes of eastern boundary currents shows one
feature: great fluctuations in their catches (and certainly
in their abundance) on annual and decadal scales. The
years considered in this analysis (1951-89) do not in-
clude the period when great concentrations of sardine
existed in the northern half of the CalCOFI area
(California). In the 1930s and 1940s, the sardine catches
in California were more than 500,000 tons in some years,
but the fishery dramatically decreased at the beginning
of 1950s. In the 1960s the California sardine fishery vir-
tually disappeared, but a small Mexican fishery, less than
50,000 tons per year, was maintained on the west coast
of Baja California. Barnes et al. (1992) present data on
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the fluctuations of sardine biomass off California and
northern Baja California from 1933 to 1991, and show
that the sardine population began to decline in the early
1940s and reached its lowest levels in the mid 1970s.
Thus it must be realized that the information described
in this paper was primarily taken while the sardine pop-
ulation off California and northern Baja California (B.C.)
was low.

The highest catches for the California anchovy fish-
ery were made in the mid 1970s, with a maximum of
141,000 tons in the 1975-76 season. In the last ten years
(1982-92), the annual average California catches were
not over 3,000 tons; the Mexican fishery at Ensenada,
B.C., fluctuated between 170,000 and 100 tons.

Sardine and Anchovy Spawning Range
and Seasonality

It is known that in the 1930s, when a large Canadian
sardine fishery existed, sardines spawned during summer
as far north as British Columbia (Walford and Moser
1941). But sardines have been virtually absent from the
region north of California since the 1950s and have only
recently reappeared there. Clark (1934) showed that sar-
dines spawn off California from February to August,
with a peak in April-May. Scofield (1934) reported that
the main areas of spawning were Jocated between San
Diego and Point Conception, with sporadic spawning
as far north as San Francisco and as far south as Magdalena
Bay, B.C.S. The cruises analyzed by Scofield were car-
ried out during spring and early summer in 1929-32;
only a few stations were located along the Mexican coast.
The importance of the Scofield study is that it was made
when sardine populations were at a high level in
California. Before the development of the CalCOFI pro-
gram, several authors suggested that sardine spawning
off California was concentrated during spring and sum-
mer (Tibby 1937; Janssen 1937; Sette and Ahlstrom
1948).

Based on the more extensive coverage of the CalCOFI
program, Ahlstrom (1954) described two main spawn-
ing areas for the sardine. The first is an area of intensive
spawning off the central part of the Baja California penin-
sula. In this area spawning peaks from February to May,
but eggs appear throughout the year in the Vizcaino,
B.C., region. The second, larger area includes the
Southern California Bight (SCB) and northern portion
of the Baja California peninsula. In this region spawn-
ing peaks in April-June. Ahlstrom (1954) reported that
during 1950-51 more than 80% of sardine spawning was
concentrated off of central Baja California.

Ahlstrom (1960) suggested that a group of sardines
spawns in the Southern California Bight from April to
June, and from January to June in warmer years; another
group spawns off the central and southern part of Baja

California throughout the year, with peaks in both win-
ter and summer. Also, he mentioned sporadic sardine
spawning north of Point Conception from May to
August.

Kramer and Smith (1971) used the CalCOFI 1951-60
data set for sardine eggs and larvae to suggest that “Two
major centers of spawning are evident first in January
in small areas off central Baja California and southern
California . . . With the passage of time the southern
groups spread northward and seaward; then in May and
June, they intermix with the northern group, which
spreads somewhat southward. In July, the two groups are
separate again and, in October, heavy spawning occurs
only off central Baja California.”

Lluch et al. (1992) analyzed sardine spawning during
the 1950s off California and Baja California and found
that spawning started early in the year near Punta Eugenia,
B.C.S. During spring, sardine populations expand both
northwards and southwards; in the north they reach
the Southern California Bight from March to July. When
spawning ceases there, sardine distribution contracts again
to the Punta Eugenia area, where spawning takes place
year-round. Moser et al. (1993) present the patterns for
sardine eggs and larvae for 1951-84. Moser et al. found
a major spawning area in the Punta Eugenia region,
where spawning occurs throughout the year, with a max-
imum from January to September. Moser et al. also show
a spawning center in the Southern California Bight area
during April-June, although some eggs are present there
all year. Off central Baja California eggs are concentrated
in the first ten nautical miles; in the northern part of the
peninsula and in the Southern California Bight eggs have
a broader offshore distribution.

Regarding anchovy, Ahlstrom (1966) showed that lar-
vae are distributed from Oregon to Punta San Juanico,
B.C.S. A number of researchers have described the sea-
sonal pattern of anchovy spawning in the southern
California and northern Baja California region, using
the presence of eggs and larvae in the CalCOFI data set,
and gonad maturity information from adult anchovies.
Lasker and Smith (1977), Chavez et al. (1977), Parrish
et al. (1986), and Moser et al. (1993) state that anchovy
spawning is concentrated from February to April in the
Southern California Bight, although anchovy eggs and
larvae and actively spawning adults are present through-
out the year. Chavez et al. (1977) found mature anchovies
during February—May in the Ensenada region.

Several authors have postulated environmental mech-
anisms that may explain the distribution and timing of
sardine and anchovy spawning in the California Current.
Parrish et al. (1983) suggested a strong relationship be-
tween the sea-surface temperature, turbulence and trans-
port, and reproductive success. Lluch-Belda et al. (1991)
proposed a hypothesis relating the upwelling index and
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Figure 1. Basic CalCOFI grid, with the geographic areas used in this analy-
sis (1951-89). CM = Cape Mendocino, Calif.; SF = San Francisco; PC =
Point Conception; SD = San Diego; PB = Punta Baja, B.C.; PE = Punta
Eugenia, B.C.S.; and MB = Magdalena Bay).

sea~surface temperature to the distribution of sardine
eggs and larvae on a yearly basis.

DATA AND METHODOLOGY

The CalCOFI data set for sardine and anchovy eggs
and larvae for the 1951-89 period formed the basis of
this analysis. The CalCOFI basic grid consists of an array
of lines and stations (Eber and Hewitt 1979). Lines are
perpendicular to the coast at intervals of 40 nautical miles
(n.mi.). Stations are parallel to the coast, and separated
by 4 n.mu. (figure 1). For each CalCOFI station the data
base includes the date (year, month, and day), time,
geographical position (CalCOFI line/station code),
sea-surface temperature (0—10 m), and the number of
sardine and anchovy eggs and larvae (standardized to
10 m? of sea surface).

For the purpose of this paper the seasonal pattern is
described on a monthly basis, and the geographical analy-
ses utilize four different criteria as follows (figure 1):

1. All CalCOFI stations combined (global analysis).

2. The CalCOFI area divided by alongshore re-

gions: Cape Mendocino (CM) region, 40-60 lines;
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Monterey (MO) region, 61-80 lines; Southern
California Bight (SCB) region, 81-97 lines; Punta
Baja (PB) region, 98-113 lines; Punta Eugenia (PE)
region, 114-132 lines; and Magdalena Bay (MB)
region, 133157 lines.

3. By CalCOFI line.

4. Cross-shelf analysis: distance to the coast.

The CalCOFI line analysis used the standard Cal COFI
lines (90, 93, 97 . . .. ) because these lines were system-
atically sampled, whereas the intermediate lines—91, 92,
96—were omitted (of all stations sampled during the
1951-89 period only 5.6% were located in these inter-
mediate CalCOFT lines). The other three analyses in-
cluded all CalCOFI lines.

The percentage of positive stations was used to describe
the seasonal and geographical pattern of occurrence of
sardine and anchovy eggs and larvae for each of the four
criteria. Some authors have used egg and larval density
(the average number per station); others, however, have
expressed doubts, because density may be biased if a sam-
ple 1s taken near a spawning adult. Nevertheless, both
indices are very well correlated; to be certain, I analyzed
all of the series and found them to be correlated beyond
the 0.01 level.

The geographical and temporal coverage of the
CalCOFI surveys varied widely during the 1951-89
period covered by this analysis. From 1951 to 1960, sur-
veys were made monthly (only 6 months were not
covered) and the latitudinal coverage was best from the
north of Magdalena Bay (CalCOFI line 133) to Point
Conception (CalCOFI line 80). Only 25% of surveys
extended to the north and/or south of this area. Hewitt
(1988) graphically described the temporal and spatial
coverage surveys for the 1949-87 CalCOFI period. In
summary, the geographical and seasonal coverage of
the CalCOFI surveys is best from the Punta Eugenia
area to the Monterey area and in the months from January
to July; data are poorest in the Cape Mendocino re-
gion and in the months of September, November, and
December.

The number of stations sampled per month was great-
est in the first part of the year (table 1). From January
to July more than 2,500 stations were sampled each
month, whereas from August to December (except
October), no more than 1,300 stations were sampled per
month. The number of stations per CalCOFI ling, in
general, was less than 100 from August to December
(except October), but lines 90-93 (located in the
Southern California Bight region) had more than 100
stations sampled per line. From January to July, more
than 100 stations per line were sampled from line 80
(Point Conception) to line 130 (Punta Eugenia).

The surveys generally occupied stations as far offshore
as station 90 (150 to 300 n.mi., depending on CalCOFI



HERNANDEZ: SPAWNING PATTERNS FOR SARDINE AND ANCHOVY
CalCOFI Rep., Vol. 35, 1994

TABLE 1
Number of Stations Sampled in the CalCOFI Area, by Line and Month, 1951-1989
CalCOFI Total Total
line Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. line Areas*  areas
40 11 6 9 18 8 23 6 7 2 90
43 10 1 6 4 3 15 3 6 48
47 8 1 2 3 3 3 14 2 36
50 8 9 7 17 19 26 5 7 7 105
53 6 8 4 3 11 13 3 3 51
57 6 8 4 3 12 15 3 3 54
60 113 37 44 144 72 64 147 30 25 67 40 13 796
63 72 46 37 95 61 43 87 23 5 40 20 11 540
67 73 53 39 101 57 50 88 25 6 41 22 12 567
70 118 47 50 129 96 69 125 33 17 54 38 12 788
73 72 58 63 88 68 43 76 21 5 44 21 10 569
77 88 88 84 105 105 63 97 47 16 65 42 14 814
80 177 125 122 171 140 97 145 84 70 104 68 52 1355
83 156 142 119 175 179 122 164 57 56 131 69 45 1415
87 159 208 127 212 203 139 189 67 68 148 69 71 1660
90 234 216 192 251 258 191 222 125 135 192 103 108 2227 CM 1204
93 201 237 221 230 245 205 220 101 127 201 94 91 2173 MO 4771
97 167 185 167 208 121 223 202 57 50 169 39 61 1649 SCB 9746
100 182 172 149 224 140 195 208 73 52 167 49 64 1675 PB 7218
103 137 153 110 221 119 186 172 49 39 126 17 53 1382 PE 6242
107 120 144 106 205 122 158 184 45 39 125 17 60 1325 MB 2716
110 141 174 138 187 157 148 183 96 50 131 44 65 1514 Sum* 31897
113 99 154 105 191 119 137 172 54 49 117 3 61 1261
117 111 163 114 199 136 127 207 62 62 114 17 58 1370
120 136 196 164 208 170 134 215 112 72 160 49 79 1695
123 57 111 90 115 79 58 129 57 33 83 20 43 875
127 46 122 81 117 81 58 124 67 27 90 19 39 871
130 64 153 100 132 105 68 124 95 37 115 41 44 1078
133 65 124 79 137 74 53 107 79 22 95 19 34 888
137 70 120 79 120 85 56 105 65 22 89 31 27 869
140 35 50 18 36 10 20 6 15 7 7 21 6 231
143 36 29 17 24 9 10 3 7 6 141
147 34 33 13 34 5 9 4 9 6 147
150 35 33 18 17 22 9 10 9 14 6 173
153 34 29 7 28 9 2 3 12 3 127
157 37 28 9 12 20 2 11 3 122
Total* 3338 3580 2788 4224 3137 2936 3903 1679 1234 2821 1050 1207
*Includes intermediate CalCOFI lines (41, 42, .. ., 55,56, ...,98,99, ... etc.)

line), but 14% of the surveys did not extend beyond
CalCOFI station 80 (table 2).

RESULTS

The results are presented for four geographical
perspectives, from a global CalCOFI view to regional
cross-shelf views for both sardine and anchovy; each per-
spective includes a seasonal analysis. The larvae/egg ratio
for the global and subarea analyses is also presented.

Global Analysis for Entire CalCOFI Area

For both sardine and anchovy, larvae were taken at
more stations than were eggs. The total number of sam-
pled stations during 1951-89 was 31,897; 2,089 (6.5%)
were positive for sardine eggs; 2,877 (9.0%) for sardine
larvae; 7,147 (22.4%) for anchovy eggs; and 15,012
(47.0%) for anchovy larvae. The corresponding values
for the mean number of eggs and larvae per station were

TABLE 2

Frequency of Occurrence of Each Station as the Most
Offshore Location Sampled, 1951-1989

CalCOFI station Percent
40 1.47
50 1.10
60 3.68
70 4.04
80 3.68
90 30.51

100 23.16
110 3.68
120 12.87
130 1.47
140 3.68
150 0.74
160 1.47
170 0.37
180 1.10
190 0.00
200 6.99
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Figure 2. Monthly percentage of positive stations for eggs and iarvae of (A)
sardine and (B) anchovy. C, larvae/egg ratio for global analysis.

13.86, 2.63, 65.81, and 64.82. Anchovy eggs and larvae
occurred at more stations than sardine eggs and larvae.
Sardine eggs and larvae.  As described by earlier work-
ers, sardine eggs and larvae are present throughout the
year along Baja California and California (figure 2A),
but it appears that the spawning season along the whole
coast is more extended than that described in earlier
studies, because the percentage of positive stations for
sardine eggs remains in the 6% to 9% range from February
until September. The percentage decreases to less than
4% in October, to an annual low of 1.7% in November,
and then rises to almost 4% in December and January.
The highest percentages for sardine larvae are during
August (14%) and September (12%). During the earlier
peak of eggs and larvae (February to July), the percent-
age of positive stations is only slightly higher than that
for eggs, but starting in August and continuing into the
winter there are about twice as many positive stations
for larvae as there are for eggs. As shown below, gen-
eral patterns for the entire coast are due to complex sea-
sonal patterns in different areas.
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Figure 3. Percentage of positive stations for eggs and larvae of (A) sardine
and (B) anchovy. C, larvae/egg ratio for analysis of areas (MB = Magdalena
Bay; PE = Punta Eugenia; PB = Punta Baja; SCB = Southern California
Bight; MO = Monterey; CM = Cape Mendocino).

The larvae/egg ratio for sardine (figure 2C) shows

low values from March to July (i.e., less than 1.5 larvae
per egg), but the ratio increases to a maximum in
November (highest ratio: 2.7).
Anchovy eggs and larvae. Both anchovy eggs and
larvae are present throughout the year along the
whole coast, with a peak from December to April (i.e.,
28%~35% for eggs and 48%—65% for larvae; figure 2B).
Percentages decline to a minimum of about 10% for
eggs in August to October and about 30% for larvae in
November. High larvae/egg ratios occur from July to
October (highest value in August: 3.4). The ratio declines
to less than 2 from November to March. From April to
June the ratio again increases above 2 (figure 2C).

Analysis by Areas

This section describes latitudinal stratification of the
seasonal patterns for sardine and anchovy eggs and lar-
vae. It appears that sardine and anchovy larvae have quite
different geographical patterns (figure 3). The highest
values of occurrence of sardine larvae were in the Punta
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Figure 4. Monthly percentage of positive stations for sardine larvae, by
area (PB = Punta Baja; SCB = Southern California Bight; PE = Punta
Eugenia).

Eugenia region, whereas for anchovy the highest val-
ues were in the Southern California Bight region. The
occurrence of sardine eggs from the Southern California
Bight to the Punta Eugenia region varied little except
for diminishing northward and southward. However, the
occurrence of sardine larvae in the Punta Eugenia re-
gion was almost twice that in the Punta Baja region and
the SCB. Geographical patterns were similar for anchovy
eggs and larvae, but larvae had higher percentages by
region, except for Cape Mendocino, where the per-
centages were similar.

The lowest sardine larvae/egg ratios were in Monterey,
with an increase toward the south (figure 3C). The ratio
for the CM region is undoubtedly biased because of the
low number of stations sampled. The ratios for anchovy
increase both to the south and the north from SCB.
Sardine eggs and larvae. The seasonal patterns for eggs
and larvae were similar for the three regions selected;
[ present only the data for larvae (figure 4). The Southern
California Bight region shows the typical pattern de-
scribed in the earlier papers; that is, the spawning season
for the sardine begins in February and ends in June—July;
some larvae, however, are present throughout the year.
The adjacent Punta Baja region has its spawning peak
two months earlier (March) than the SCB peak
(May—June); there is also a small increase in positive
stations during August. The Punta Eugenia region shows
high values for all months except May and June. The
maximum values of occurrence in the Punta Eugenia
region (August—October) are much higher than those
observed elsewhere.

The larvae/egg ratios for sardine have low values (with
little variation) from February to September in the SCB
region, and highest values during October and November
(figure 5). The Punta Baja region has a sharp peak in
November and a decline from December to July, when
ratios show the lowest values and variability. Punta
Eugenia also has a maximum ratio in November, and
lower ratios from February to September.
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Figure 5. Monthly larvae/egg ratio for sardine, by area (SCB = Southern
California Bight; PB = Punta Baja; PE = Punta Eugenia).
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Figure 6. Monthly percentage of positive stations for anchovy larvae, by
area (SCB = Southern California Bight; PB = Punta Baja; PE = Punta
Eugenia).

Anchovy eggs and larvae. Because anchovy, like sar-
dine, have the same seasonal patterns for eggs and lar-
vae, again I present only the data for larvae (figure 6).
In general, the three regions with maximum abundance
of anchovy larvae (SCB, PB, and PE) have a similar
seasonal pattern: the principal spawning season extends
from December to July, as described by previous re-
searchers. The Southern California Bight region shows
a high number of positive stations from December to
April, with a small decrease from May to July. The low-
est values for the SCB region occur during October and
November. The spawning seasons for anchovy in PB
and PE are shorter than in the SCB (i.e., peak occur-
rence from December to March), but there were higher
occurrences in PE than in PB. A comparison of monthly
values of the percentage of positive stations among
regions indicates that PB had lower values, while the
SCB and PE had similar values.

Seasonally, the larvae/egg ratios for anchovy vary less
for the SCB than for PE and PB (figure 7). For the SCB,
ratios are lower from December to April, increase slightly
from May to September, and decrease once again to
November. PB has the lowest ratios from November
to March, but there is a sustained increase from April
to October. The seasonal pattern found for PE shows
some similarity to that for PB, but instead of a sus-
tained increase, there is a higher variability.
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Figure 7. Monthiy larvae/egg ratios for anchovy, by area (SCB = Southern
California Bight; PB = Punta Baja; PE = Punta Eugenia).

Analysis by CalCOFI Lines

The geographical analysis by CalCOFI line may be
biased from CalCOFI line 140 (Magdalena Bay) to the
south, as well as from line 77 (north of Point Conception)
to the north, since fewer than 300 stations were sam-
pled per line, whereas from Point Conception to the
north of Magdalena Bay, from 800 to 2,200 stations were
sampled per line (table 1).

The percentage of positive stations by CalCOFI line
for sardine and anchovy eggs and larvae differs consid-
erably for the two species (figure 8). The occurrence of
sardine eggs is even from just south of Point Conception
(line 80) to just north of Magdalena Bay (line 140),
except for a sharp peak in the Punta Eugenia region (line

Sardine Eggs Sardine Larvae

Anchovy Eggs

120). Occurrence is very low to the north of Point
Conception and south of Magdalena Bay. Sardine larvae
have a similar latitudinal pattern, but from the Magdalena
Bay region to the south the percentage of positive
stations increases, suggesting an additional important
spawning area; this pattern could, however, be due to
the low number of stations sampled in this region (not
more than 240 stations per line).

Sardine larvae/egg ratios show an increasing trend
from north to south, with a sharp increase in the Punta
Eugenia area (figure 9). In the northern areas the ratios
vary from 0.77 to 1.11 (lines 80 to 97); the ratios ob-
served at the northern portion of Baja California (lines
100 to 115) range from 0.84 to 1.6, whereas the values
observed at the Punta Eugenia region (lines 117 to 130)
vary from 1.36 to 2.52. The highest ratios (3.57 to 23)
come from the southern part of the CalCOFI area (south
of the Magdalena Bay region); again, the highest values
might be biased because of the low number of stations
taken in this region.

The percentage of positive stations for anchovy eggs
and larvae indicates two areas of increased spawning: the
Southern California Bight region and northern Baja
California (figure 8). A second, broader peak occurs in
the region from north of Punta Eugenia to north of
Magdalena Bay. Between these two spawning areas, in
the Punta Baja area, there is a small decrease. Anchovy

Anchovy Larvae
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Figure 8. Percentage of positive stations for sardine and anchovy eggs and larvae per CalCOFl line.
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Figure 9. Larvae/egg ratio for sardine and anchovy per CalCOFl line.

eggs and larvae occur more frequently than those of sar-
dine in the Point Conception area and extend into the
northern areas (as far as Cape Mendocino).

The anchovy larvae/egg ratios, like the sardine ratios,

diminish from south to north, except for CalCOFI lines
61-80, north of Point Conception (figure 9). Also, the
ratios increase markedly (3.0 to 18.01) south of Magdalena
Bay (where sample sizes were small).
Sardine eggs and larvae. Because the geographical and
monthly percentages of positive stations for eggs and
larvae by CalCOFI line exhibit essentially the same pat-
tern, I present only the data for larvae (figure 10). The
region to the north of Punta Baja shows the same
seasonal pattern that was described by earlier workers;
the highest occurrence of sardine larvae is from February
to July. But the peak appears about two months earlier
in the Mexican portion of this area (April) than in the
California portion (June). The region south of Punta
Baja shows very little seasonal variation in the percent-
age of sardine larvae, with only a moderate decrease in
November and December. The strong peak that was pre-
viously shown for the Punta Eugenia region is obvious
throughout the year. The Magdalena Bay region appears
to be an important spawning area, with high occurrences
during winter months and June, but the low number
of stations taken in this region does not allow definitive
conclusions (see table 1).

Anchovy eggs and larvae. Seasonal patterns for eggs
and larvae are similar, therefore I show only those for
larvae (figure 11). Anchovy larvae are present through-
out the year from San Francisco (line 67) to Magdalena
Bay (line 140). From January to May there are two modes,
one in the Southern California Bight and one in the
Punta Eugenia region. From June to November the
southern mode shifts northward to the Punta Baja area,
while the northern mode remains in the same location.
In general, the seasonal pattern of larval occurrence shows
higher values from December to July over the entire
study area.

Inshore-Offshore Analysis

Offshore, more sardine and anchovy larvae are found
than eggs, but in general the highest values appear near
the coast for both eggs and larvae off California and Baja
California (first 20 n.mi.; figure 12). The offshore oc-
currence of sardine eggs and larvae varies considerably
among areas. The Magdalena Bay and Punta Eugenia
regions show high percentages of positive stations for
sardine eggs in the first 20 n.mi. The Punta Baja area
seems to be a transitional region, since there is a mod-
erate presence off 80—-100 n.mi. In the Southern
California Bight and central California areas there are
only minor inshore peaks and little other variation within
the first 100 n.mi.; values are quite low in the central
California area. The few positive stations in the Cape
Mendocino region exhibit litte pattern. The offshore
patterns for sardine eggs and larvae are different only in
the Punta Eugenia region: there larvae have a high occur-
rence out to 80—-100 n.mi., but the eggs are more con-
centrated in the first 20 n.mi.

Anchovy eggs and larvae are found more frequently
within the first 40 n.mi. for all areas except Magdalena
Bay, where more eggs are found in the 20 n.mi. fringe
(figure 12, right side). In general, there are two off-
shore patterns. In the first—from the Southern California
Bight to the north—the occurrence of eggs and larvae
decreases as far as 100 n.mi. offshore. In the second
pattern—from Punta Baja to the south—there is higher
occurrence as far as 60 n.mi.

In order to demonstrate the seasonal offshore patterns
for sardine and anchovy eggs and larvae, I use contour
plots to show the percentage of positive stations by months
and by distance offshore for each geographical region.
Sardine eggs and larvae. The seasonal offshore patterns
for eggs and larvae are similar in all regions, but be-
cause larval occurrence is higher than that of eggs, I
illustrate only the pattern for larvae (figure 13). The few
stations in the Cape Mendocino area do not exhibit any
pattern. Two general patterns are present off California
and Baja California: the first corresponds to the Southern
California Bight, in which high occurrence of sardine
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Figure 10.

larvae begins in April and extends until August, with
the highest values during May and June. This region also
shows a relatively homogenous offshore occurrence dur-
ing those months. After August, low percentages (less
than 5%) of positive stations extend as far as 90 n.mi.
offshore in the SCB. In contrast, the Punta Eugenia area
exhibits a high inshore occurrence of sardine larvae from
August to February (more than 50%). From March to
July moderate occurrence 1s evident (less than 30%), but
the offshore distribution is homogenous as far as 90 n.mi.
for this region.

The Punta Baja region seems to be a transitional
area between the southern (Punta Eugenia region) and
the northern patterns (SCB area), since features of
both patterns are present: nearshore occurrence is high-
est from July to September, and there is a secondary,
smaller, peak 1n February—March (associated with the
northern pattern).
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In the Magdalena Bay area the low number of off-
shore stations sampled did not allow a comparison with
the Punta Eugenia region. In the Monterey area, there
are high offshore values during June and July and low
inshore values during the winter.

Anchovy eggs and larvae. Anchovy larvae are present
throughout the year in all areas. Highest concentrations
are nearshore from February to March (figure 14). Larvae
show, in general, a more oceanic distribution than eggs
for each area. In the area from Monterey to Magdalena
Bay, high concentrations of anchovy larvae begin in
November—-December (near the coast) with a rapid
increase untit February—March. From April to May—June
the presence of larvae decreases, reaching the lowest
values in September and October. Regarding the in-
shore-offshore monthly distribution of larvae, the 50%
contour shows higher offshore values from January to
April (corresponding to the spawning peak), whereas in
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Figure 11.  Monthly percentage of positive stations for anchovy larvae per CalCOF! line.

September and October the larvae are concentrated
nearshore.

For particular regions, some specific features can be
observed. There is a homogenous offshore distribution
during June and July for the Monterey region. Offshore
of Cape Mendocino, a high concentration nucleus at 70
n.mi. is evident during July.

DISCUSSION

In order to describe the long-term average geographic
and seasonal distributions for sardine and anchovy eggs
and larvae off California and Baja California it is im-
portant to briefly discuss several considerations. First,
sardine and anchovy live in a highly productive and vari-
able habitat. In the California Current they extend over
three coastal zoogeographic provinces, an entire coastal
upwelling zone, and three oceanic water masses (Moser
et al. 1993). The large geographic range where these

fishes live places them in regions with different seasonal
and geographic patterns of abiotic and biotic parame-
ters (SST, productivity, zooplankton biomass, etc.). The
different patterns of these parameters along the extended
range of sardine and anchovy could be a major factor
in determining these fishes’ reproductive behavior on a
geographical/monthly basis. On the other hand, during
the period studied (1951-89), the California Current
experienced a series of warm and cold events. Also, nat-
ural fluctuations in abundance (on a decadal basis) of
these populations, as well as the fisheries on them, could
have altered the population structure and hence their
reproductive processes.

Sardine Eggs and Larvae

The CalCOFI line and subarea analysis clearly demon-
strates that sardine eggs and larvae are most concentrated
in the southern portion of the range, from south of Punta
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Figure 12. Inshore-offshore patterns for sardine and anchovy eggs and larvae by geographic region.

Baja, B.C., to north of Magdalena Bay, B.C.S. Eggs
and larvae occur over the entire area studied, from San
Francisco to Cabo San Lucas, B.C.S., but south of
Magdalena Bay and north of Point Conception their val-
ues are relatively low. This geographic pattern agrees, in
part, with the findings of Ahlstrom (1960) and Kramer
and Smith (1971) that the Punta Eugenia region and the
Southern California Bight are important spawning cen-
ters. Moser et al. (1993) also show that the Punta Eugenia
area has the highest concentration of eggs and larvae.

The slight southward increase in the larvae/egg ratio
(increasing southward) observed in analyses by CalCOFI
line and subareas could be associated with higher SSTs
observed in the south. Also the higher larvae/egg ratio
from July to November could be associated with the high
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SST during these months. These patterns can be observed,
generally, from Punta Eugenia to southern California.
Incubation time is shorter at high SST (Lasker 1965).

The global seasonal analysis, which is very similar to
that described in Moser et al. (1993) presents a mis-
leading picture of the seasonality of sardine spawning.
Both analyses are a composite of the two quite different
seasonal patterns in the southern California~northern
Baja California region and the central-southern Baja
California region. In the northern pattern, spawning
takes place from February to July, whereas the southern
pattern shows two spawning peaks: a strong one from
August to September and a small one in March.

The results presented in this paper have established
that sardine eggs and larvae can be observed during any
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Figure 13.  Monthly percentage of positive stations for sardine larvae by area and offshore.
month in at least one place off California and Baja Southern California Bight, because the Punta Baja
California. The geographical-temporal analysis indicates seasonal pattern shows higher occurrence of larvae
in which months and areas high or low concentrations from February to March (as in southern California)
are found. and a small peak of spawning in August (the Punta
The analyses by CalCOFI line (geographical/seasonal) Eugenia pattern).
and subarea suggest that the Punta Baja region is a tran- The results for the geographical offshore analyses
sition zone between the Punta Eugenia region and the agree with those of Moser et al. (1993). High inshore
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Figure 14. Monthly percentage of positive stations for anchovy larvae by area and offshore.

concentrations of sardine eggs and larvae are observed
in the southern areas (Punta Baja south), and broader
oftshore presence of spawning is observed from south-
ern California to the north. In the geographical/seasonal
otfshore analyses the pattern changes seasonally. From
March to July, there is a homogenous presence of eggs
and larvae from the coast to 100 n.mi. (from southern
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California to the Punta Eugenia region), which could
be associated with upwelling processes during those
months. From August to February, the otfshore occur-
rence virtually disappears in the southern California and
Punta Baja regions, but not in the Punta Eugenia area.

It can be concluded that the patterns found in the
southern areas (Magdalena Bay and Punta Eugenia) are
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different from those found in the northern areas (Punta
Baja and the Southern California Bight).

Anchovy Eggs and Larvae

The main anchovy spawning center is clearly located
in the Southern California Bight, but there is a secondary
center in the Punta Eugenia area. As observed for the
sardine, the higher larvae/egg ratio for anchovy from
July to October could be associated with higher SST's
during these months, but the geographical effect on
the ratios 1s not clear.

The spawning peak stretches from December to April
in the global seasonal analyses, as has been previously de-
scribed by several workers. The results of subarea and
CalCOFI line analyses suggest no latitudinal differences
for anchovy; the same seasonal pattern could be seen
from southern California to the Punta Eugenia region.

It is evident that sardine and anchovy have different
geographical and seasonal patterns in spawning. Although
the sardine has its main spawning center in the Punta
Eugenia region, anchovy are located in the Southern
California Bight area. The main spawning season of
the anchovy is restricted in time (December to April),
whereas that of the sardine differs geographically.
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ABSTRACT

Individual, geographic, and interannual variation in
morphometric and life-history traits was examined and
related to environmental variables. In the winters of 1984
and 1985, 1,836 otolith-aged northern anchovies
(Engraulis mordax) were obtained from 16 California—
northern Baja California stations. Life-history charac-
ters were age, size (mean of logs of 11 morphometric
measures), condition, and gonadosomatic index (GSI).
Principal components analysis of 11 log-transformed
morphometric traits adjusted for size and sex revealed
five factors that summarized variation in (1) length of
body, (2) length of jaw and operculum, (3) length of
anal-fin base, (4) body depth, and (5) length of orbit and
preorbital region. Independent variables used in further
analyses were age, sex, size, year of sampling, year-class,
distance offshore, CalCOFI line, depth of bottom, and
sea-surface temperature at station. Within-station age-
classes containing more than 13 fish were treated as in-
dependent subsamples (a total of 37).

Morphometric factors, although independent of size,
were found to reflect condition. Although GSI and con-
dition were negatively correlated among ages within
years, they were independent among subsamples. Only
0.7% of individual variation in GSI was attributable to
sex. Although there was overall positive correlation of
GSI and size, the allometric relationship of GSI with size
within a subsample (GSI slope) was negatively correlated
with subsample mean GSI, signifying individual varia-
tion in reaction-norm allometry.

Spatial heterogeneity was unexpectedly large for all
life-history and morphometric characters. Two temper-
ature-correlated, mesoscale spatial patterns were found:
(1) of size, GSI, and GSI slope; and (2) of condition,
body depth, and body length. Pattern 2 resembled pub-
lished satellite images of a recurrent pattern of phyto-
plankton-pigment concentration, reflecting primary
production. A third pattern of negative correlation of
jaw length with condition and body depth was inde-
pendent of temperature, year, and other independent
variables. Year-class- and temperature-related differences
between 1984 and 1985 samples suggested expected
effects of the 1982—84 El Nifio, but these were not cleanly
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separable from the much larger contributions of geo-
graphic variation. Heterogeneity within and among sub-
samples, particularly in jaw and anal-fin-base lengths,
suggested heterogeneity of early environment, both
among ages from the same station and within certain
subsamples.

RESUMEN

Se examind la variacién individual, geografica e in-
teranual de los caracteres morfométricos y de las fases de
vida de la anchoveta nortefia y se buscé relacionar esta
variabilidad con variables ambientales. Se obtuvieron
1836 Engraulis mordax y se determiné la edad por medio
de sus otolitos; los especimenes se obtuvieron en los
inviernos de 1984 y 1985 en-16 estaciones de Baja
California (México) y California. Los caracteres de la
fase de vida que se consideraron fueron edad, tamano
(el promedio de los logaritmos de 11 medidas mor-
fométricas), condicién e indice gonadosomitico (“1GS”).
El anilisis por componentes principales de 11 carac-
teres morfométricos ajustados por tamano y sexo reve-
laron 5 factores que resumen la variacion en (1) talla,
(2) longitud del maxilar y opérculo, (3) longitud de la
base de la aleta anal, (4) profundidad del cuerpo y
(5) longitud de la regidn orbital y preorbital. Otras vari-
ables independientes que se analizaron fueron edad, sexo,
tamano, afio de muestreo, clase anual de edad, distancia
hacia mar abierto, transecto establecido por el programa
“CalCOFI”, profundidad, y temperatura del agua su-
perficial por estacion. Las estaciones donde las clases de
edad incluyeron mas de 13 especimenes fueron tratadas
como submuestras independientes (resultando en un total
de 37).

Los factores morfométricos reflejaron la condicidn,
a pesar de que fueron independientes del tamafo. A pesar
de que la correlacién entre IGS y condicidén fué nega-
tiva entre las edades para los distintos anos, estas vari-
ables fueron independientes entre las submuestras. El
sexo s6lo explica 0.7% de la variacion individual del IGS.
Hubo una correlaciéon positiva entre IGS y tamaifo. Sin
embargo, hubo una correlacion negativa entre la relacion
alométrica IGS—tamano dentro de cada submuestra
(pendiente del IGS) con el promedio del IGS por sub-
muestra, lo que significa que hubo variacién individual
en la alometria de la norma de reaccién.
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La heterogeneidad espacial fué sorprendentemente
alta para todos los caracteres morfométricos y de las fases
de vida. Se encontraron dos patrones relacionados con
la temperatura en la meso-escala: (1) de tamaio, IGSy
pendiente del IGS, y (2) de condicién, profundidad del
cuerpo y talla. El patrén no. 2 se asemejé a imagenes
de satélite ya publicadas de un patrén recurrente de un
pigmento de fitoplancton que refleja la produccién pri-
maria. Un tercer patrdn, correlacidon negativa entre lon-
gitud del maxilar con condicién y profundidad del
cuerpo, fué independiente de la temperatura, el afo, y
otras variables independientes. Debido a diferencias en
las clases anuales asi como en temperatura entre las mues-
tras de 1984 y 1985, se esperarian efectos debidos al
evento El Nifio 1982—-84. Sin embargo, estos efectos
no se pudieron demarcar claramente de la contribucién
mas substancial de la variacion geogrifica. La hetero-
geneidad dentro y entre las submuestras, particularmente
en la longitud del maxilar y de la base de las aletas anales,
sugirié heterogeneidad del ambiente que los peces en-
cuentran a edad temprana, tanto entre edades en la misma
estacidn, como dentro de algunas submuestras.

INTRODUCTION

The responses of a species to changes in its environ-
ment determine where it can persist. A free-ranging ani-
mal such as a pelagic fish may encounter environmental
variation with both temporal and spatial components,
each with a wide spectrum of frequencies. Response to
this variation may be behavioral, physiological, and
morphological, with resulting modifications in life
history. Certainly the most important among such
norms of reaction (Schmalhausen 1949) are those to
variations in temperature and food supply, including
variation in growth rate and, in fishes, such reproduc-
tive traits as fecundity and age- and size-at-maturity
(Miller 1979; Nelson and Soulé 1987; Nelson, 1993).
In the marine coastal environment in particular,
variations in water movements, temperature, and pro-
duction are linked, although not in any simple way
(references in Roesler and Chelton 1987). Responses
of different morphological and life-history variables to
such variations are also likely to be correlated with
one another. Patterns of environmental correlation and
effects upon population structure will be correspond-
ingly more complex.

Anchovies are a characteristic and key forage species
for other pelagic fishes in all eastern boundary current
systems (Reid 1966). Because of CalCOFI, the north-
ern anchovy (Engraulis mordax) and its California Current
habitat are probably the best-known of these systems.
Yet, how northern anchovy morphology and life his-
tory respond to spatial and temporal changes in the en-
vironment remains a mystery (cf. Fiedler et al. 1986).

Two subspecies of Engraulis mordax have been de-
scribed (Hubbs 1925; cf. McGowan 1984): the wide-
ranging nominate subspecies and another that inhabits
San Francisco Bay and about which little is known.
Engraulis mordax mordax Girard has been considered to
be further subdivided into northern, central, and south-
ern subpopulations, based on meristic, morphometric,
and transferrin electrophoretic phenotypes (McHugh
1951; Vrooman et al. 1981). The central subpopula-
tion was supposed to range from San Francisco Bay
to northern Baja California, approximately the area
shown in figure 1A. Vrooman et al. found electro-
phoretic evidence for a certain amount of geographic
overlap with the northern subpopulation. Although
the central and southern subpopulations were believed
to be nonoverlapping, each may occupy an area off
north central Baja California at a different time of year;
anchovies belonging to the southern subpopulation are
distinguished by their smaller maximum sizes (Parrish
et al. 1985).

Previously, we found significant geographical hetero-
geneity for 5 of 11 electrophoretic allozyme loci among
samples collected from the central subpopulation range
by the 1982 CalCOFI winter (spawning biomass) cruise
(Hedgecock et al. 1989); we have confirmed this with
anchovies collected in four subsequent cruises (Hedgecock
et al. 1994). In an attempt to understand the biological
basis of this geographic variation, we expanded our
study of 1984 and 1985 winter-cruise material to in-
clude much larger samples and analysis not just of allelic
variation but also of morphometric and life-history vari-
ation. We report here the results of these latter analy-
ses; the relationship of this variation to allozyme
heterogeneity is presented elsewhere in this volume
(Hedgecock et al. 1994). The difterent year classes rep-
resented in the material from the two winter cruises
differ in the amount and ontogenetic timing of their
experience of the 1982-84 major California El Nifio
event, and we sought in their morphological responses
to that experience an “El Nifio signature.” Such effects
have been reported previously for anchovies (Fiedler
et al. 1986; Butler 1989) and other fishes (references in
DeMartini 1991).

Thus, the objectives of this study are to ascertain the
relative contributions of interannual and geographic dif-
ferences to individual variation in size, morphometrics,
and somatic and reproductive condition, and to the co-
variation of these variables. We find unanticipated cor-
relations of morphometrics with somatic condition, and
of reproductive condition with size and reproductive al-
lometry. For all variables, geographic variation is unex-
pectedly great but of variable spatial scale. Although there
are signs of pervasive influence of temperature, evidence
for an El Nifio signature is equivocal.
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TABLE 1
Station Data for Northern Anchovy Collection
Station* CalCOFI Percent
Year Symbol No. coord. unb female Age, SD¢ Standard length, SD
1984 A 4612 65:50.5 117 15.4 1.598, 0.901 111.5, 11.1
B 4655 9(:28 48 81.2 0.917, 0.539 100.3, 11.0
C 4665 91.7:27 70 271 0.414, 0.551 84.1, 6.7
D 4662 91.7:33 120 44.2 1.017, 0.389 104.7, 6.1
E 4660 90:56 120 37.5 1.183, 0.518 118.3, 6.2
F 4671 93.3:41 179 335 1.017, 0.326 107.3, 5.5
G 4689 105:30 116 14.7 0.828, 0.622 101.4, 9.0
1985 H 4707 76.7:54 116 60.3 0.871, 0.880 96.0, 6.0
1 4708 76.7:56 119 47.9 1.975, 1.298 98.9, 6.2
] 4719 85:38 120 43.3 1.058, 0.781 103.9, 52
K 4729 87.5:34 118 46.6 1.017, 0.795 95.9, 8.7
L 4722 85.8:43 118 70.3 0.576, 0.821 117.0, 7.2
M 4725 87.5:55 119 49.6 0.328, 0.489 105.9, 6.6
N 4726 87.5:53 120 59.2 0.358, 0.515 109.3, 6.0
O 4763 96.7:50 117 54.7 1.675, 0.981 118.9, 6.9
P 4766 98.3:39 119 55.5 1.319, 0.882 108.2, 5.7
Totals 1836 45.1 1.028, 0.872 106.2, 10.7

*Letter symbols and CalCOFI coordinates for stations as in figure 1A.
PThe number of fish for which data were complete.
“Age, SD is the average otolith score and its standard deviation.

MATERIALS AND METHODS

Samples

Samples were obtained at a total of 16 midwater-trawl
stations in the winters of 1984 and 1985 by CalCOFI
cruises 8403 and 8502 aboard the RV David Starr Jordan
of the NOAA Southwest Fisheries Center (La Jolla).
Localities are shown in figure 1A, and sample details
are given in table 1; other station information includ-
ing sea-surface temperature and depth of bottom are
available on request. Whole fish were frozen individu-
ally aboard ship at —70°C and then shipped in plastic
bags by air to the Bodega Marine Laboratory, where they
were held at —70°C until dissection.

Specimens were partially thawed a few at a time and
held under ice until measured. This procedure prevented
undue warming of tissue samples removed subsequently
for allozyme electrophoresis and minimized uncontrolled
morphometric variation from differential thawing. All
measurements and counts of any one type were made
by the same person.

Measurements

Standard length (from snout to end of hypurals) was
measured to the nearest mm with a mounted rule, and
the following other morphometric characters were mea-
sured to the nearest 0.1 mm with vernier calipers: six
lengths from the snout to (1) the anterior margin of
the orbit (preorbit), (2) the posterior edge of maxilla,
(3) the posterior edge of the operculum, (4) the supraoc-
cipital border, (5) the dorsal fin origin, and (6) the vent;
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followed by measurement of the anteroposterior orbit
diameter, the maximum head width, the minimum body
depth at pectoral girdle, and the length of the anal-fin
base.

Total wet weight was recorded to the nearest 0.1 g.
After removal of tissues for electrophoresis, otoliths were
removed for ageing, and sex and gonad wet weight (to
the nearest 10 mg in a tared dish) recorded. Gonads were
oven-dried to crispness, reweighed, and the tare rechecked.
Somatic wet weight was entered into the data set as total
wet weight minus gonad wet weight.

Sagittal otoliths were cleared overnight in 2% KOH,
rinsed in deionized water for one or more days, air-dried,
and stored by pairs in individual gelatin capsules in en-
velopes labeled by station. Each pair was placed under
water in a separate well (1 cm diameter, painted black)
drilled in plexiglass. Otolith annuli (age) were counted
under a binocular dissecting microscope with incident
illumination, following the methods of Collins and Spratt
(1969). Comparison of early counts with those by an
experienced California Department of Fish and Game
scorer showed 92% overall agreement, dropping to 75%
for a selected sample of older fish (Allen Grover, pers.
comm.). Anchovies with age = 0 are approaching one
year old; a derived variable—year class—was calculated
as (year of sampling) — (age + 1).

Analysis

The BMDP multivariate statistical software package
(Dixon et al. 1988) was employed for all analyses.
Screening of outliers was done with bivariate plots of
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Figure 1. A, 1984 (bold) and 1985 CalCOFI winter cruise anchovy sample stations and 15°C sea-surface isotherms for winter 1983-85 (from Fiedler et al. 1986).

B-E, contours of equal subsample (age classes within stations) means for life-history variables. Filled circles represent 1984 stations. In B, contours of mean size
(table 1) are at approximately 10% intervals for unlogged morphometric variables; 3.1 corresponds roughly to an average fish of grand geometric mean standard
length = 105 mm. In C, a difference in mean gonadosomatic index, GSI, of 0.1 again represents a difference of 10% in the unlogged ratio. {n D, GSI slope
(GSLOPE) = 0.0 corresponds to an allometric coefficient of 1.0. In E, contours of subsample-mean condition are residuals of regression of In(somatic wet
weight) on In{standard length). Ordinate is CalCOFI coordinate cardinal line; abscissa is CalCOF! station fine (for relationship to longitude and latitude see Eber

and Hewitt 1979).

variables on standard length and sometimes other vari-
ables. Treatment of outliers, except for the variables anal-
fin-base length and gonad wet weight, was based on a
branching protocol. Very short anal fin bases noted at
the time of measurement were remeasured and retained
in the data set after incidence of short anal fin base was
found to vary geographically. Residuals from regression
of female gonad wet weight on gonad dry weight were
bimodally distributed; the upper, smaller mode contained
females with obviously hydrated oocytes.

For each fish with a complete set of 11 morphome-
tric measurements (n = 1,912), residuals for analysis were
obtained from predictive multivariate regression of the
natural log of each trait on sex and size. Size was defined
as the mean of the logs of the 11 morphometric traits
(Mosimann 1987). The pooled regression slope rather
than the common within-sample slope was used (cf.
Reist 1986), because the average difference between the
two slopes was small and unbiased. Four other derived
variables are used in the analyses: (1) condition—the
residual of the predictive regression of In(somatic wet

weight) upon In(standard length); (2) gonadosomatic
index, GSI = In(gonad dry weight) — In(somatic wet
weight); (3) a gonad hydration index, GHI = In(gonad
wet weight) — In(gonad dry weight); and (4) a measure
of reproductive allometry—GSI slope, the coefficient
from the regression of GSI upon In(somatic wet weight).
This regression was done separately for each age-class
within each station. Ponderal measures of reproductive
condition were employed because of the impracticality
of histological examination on so large a collection of
fish. Throughout the remainder of this paper the
names of traits will refer to the logged and oth-
erwise adjusted variables described in this para-
graph, not to the raw measurements themselves.
Principal components analysis (PCA) of the 11 mor-
phometric residuals was followed by both orthogonal
and oblique (direct quartimin) rotations, with parame-
ters suggested by Frane et al. (1988). Orthogonal and
oblique rotation yielded similar sets of factors; only the
results of orthogonal rotation are reported herein.
Mixed-mode]l maximum-likelihood analyses of vari-
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ance (ANOVAs; Jennrich and Sampson 1988) were per-
formed to analyze effects of year, age, temperature, station,
and interactions upon the dependent variables, size, condi-
tion, GSI, and morphometric factors obtained from PCA.

Bivariate plots of pairs of factor scores, etc., segre-
gated by sex where appropriate, were made for 64 sub-
samples consisting of each age-class within each station.
The distribution of numbers of individuals (1) among
subsamples was multimodal, with one gap between
n = 11 and 14, separating peaks at n = 9 and 17. There
were 37 subsamples with n > 13; means and other sta-
tistics from subsamples with smaller n were much more
variable. Throughout this paper, subsample means are
for those subsamples with n > 13. The question of
within-subsample heterogeneity was addressed by Levene’s
test for heterogeneity of variance within year class and
by intercorrelations of variances of factor scores and size.

A new data set was constructed of subsample means
of factor scores and size, condition, GSI, GSI slope, as
well as other variables. These included year, sea-surface
temperature, year class, age, depth of the bottom under
station, distance from nearest mainland, and the long-
shore CalCOFI line coordinate (figure 1A). ANCOVA
of subsample means among stations after correction,
where appropriate, for year, age, size, and the five mor-
phometric PCA factors tested equality of differences
among subsamples within and among stations.

Spatial distributions of GSI slope and mean size, GSI,
condition, and morphometric PCA factors for subsam-
ples were examined with the aid of contours fitted by
eye (figures 1 and 4). A contour passing through a sta-
tion indicates that at least one subsample mean at that
station lay on either side of that contour. Dashed lines
indicate conjectural contour positions. As a control on
this contouring procedure, subsample means were ran-
domized over stations, and the resultant random con-
tour maps were compared with the original contour
maps. Spatial autocorrelation (Rossi et al. 1992) of paired
1985 subsample means, classified into distance categories,
was also employed to estimate the spatial scale of geo-
graphic variation for each dependent variable.

RESULTS

Sex, Age, Year, and Station Information

Among individuals, sex and age were uncorrelated.
Age and year (of sampling) were uncorrelated as well,
but a significantly higher proportion of females was found
in 1985. Sex ratios and age statistics by station are given
in table 1. Among the 1984 stations were those with
both highest and lowest sex ratios; conversely, those with
both lowest and highest mean age were from 1985. Sea-
surface temperature among stations was significantly lower
in 1985 than in 1984 (13.7 vs 15.2°C; t = 3.27, d.f. 14;
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p < 0.005). As expected, temperature was correlated
with CalCOFI line (r = +0.701), and distance offshore
with depth (r = +0.749).

Size and Condition

Initially we used raw standard length as a measure of
size, for detecting outliers and comparison with earlier
studies. Subsample-mean standard length varied from 83
mm (station C, age 0, figure 1A) to 123 mm (station P,
age 2). Within stations, different subsamples often had
distributions with one or more similar modes of stan-
dard length. Within a subsample, standard length was
unimodally distributed with a minimum coefficient of
variation of 4%—-5%, but occasionally the distribution
was obviously bimodal with a correspondingly larger co-
efficient of variation, suggesting heterogeneity of such
subsamples (see below).

For subsequent analyses we used the consensus mea-
sure of size defined in Materials and Methods, as sug-
gested by Mosimann (1987). Sex differences accounted
for 1.8% of the total variance among individuals in size,
attributable to a higher proportion of females in some
of the samples of larger anchovies. Within a subsample
there was little difference in size between the sexes, and
they were combined for analysis. Somatic wet weight
was nearly isometric with the cube of standard length.
Condition was weakly correlated with sex (1.9% of vari-
ance). Interannual and geographic variation in these and
other dependent variables is described below.

Reproductive State

In mature females, the gonad-hydration index GHI
can double during the day prior to ovulation (figure 2A;
Hunter et al. 1985). For this reason we used dry gonad
weight for the gonadosomatic index (GSI). Qocyte hy-
dration was only seen among females with GSI >—4.6,
which was close to the grand mean GSI in the popula-
tion (corresponding to a |[gonad dry weight]/[somatic
wet weight| ratio of 0.01). Despite the difference in
behavior of GHI between females and males (figure 2A),
there was little difference between sexes in GSI (sex ac-
counting for 0.7% of total variance) or GSI slope, and
the sexes were combined for further analysis of repro-
ductive state. Subsample GSI slope showed great het-
erogeneity. GSI slope, the measure of dry gonad allometry,
was negatively correlated with subsample-mean size and
especially with mean GSI, even becoming negative at
high GSI (figure 2B); correlations with temperature are
discussed below.

Principal Components Analysis (PCA) of
Morphometrics

PCA of morphometric measures adjusted for sex and
size yielded five components with eigenvalues greater
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Figure 2. A, gonad hydration index, GHI, as a function of dry gonadosomat-
ic index, GSI, for individual female anchovies. Solid lines are regressions for
all females; broken lines are regressions for all males. Relative water content
of gonad decreases more rapidly with maturation among females; cluster of
points at upper right represents females with obviously hydrated oocytes. B,
GSLOPE, slope of regression of GSI upon In(somatic wet weight), as a func-
tion of subsample mean GSI, given here on the abscissa as its antilog to lin-
earize the relationship. 1984 subsample points are filled; circles and stars dif-
ferentiate subsamples with and without females with hydrated oocytes,
respectively. An ordinate of O corresponds to GSI isometry.

than 1.0, which together accounted for 72% of total vari-
ance. Orthogonal rotation yielded five easily interpretable
factors (table 2):
1. Body length (MI), with high positive loadings by
standard length and lengths from snout to dorsal fin
origin and from snout to vent
2. Jaw length (MII), with positive loadings primarily
by lengths from snout to maxillary tip and from snout
to operculum border
3. Anal-fin-base length (MIII), with a negative con-
tribution from length from snout to supraoccipital
border
4. Body depth (MIV), with positive loading by that
trait alone
5. Orbit/preorbit length (MV), expressing positive cor-
relation with orbit diameter and a complementary
negative loading by length from snout to the front of
the orbit

Analyses of Variance (ANOVAs)

Maximum-likelihood ANOVAs with age as fixed
effect, and year and the interaction age X year as ran-
dom effects indicated a significant age effect for GSI;
year effects for condition, GSI, body length, and anal-
fin-base length; and age X year effects for size, jaw length,
and body depth. Figure 3 illustrates these differences be-
tween age classes by year of collection. However, when
station (nested in year) i1s added to the model as a ran-
dom effect, station alone remains as a highly significant
effect; only for size are age and age X year accorded any
significance. The large differences in figure 3 may rep-
resent station sampling eftects. Table 3 summarizes like-
lihood-ratio tests of maximum-likelihood ANOVAs with
age and temperature as fixed effects, and station within

TABLE 2

Loadings on Five Factors from Principal Components Analysis of Adjusted Measurements of Morphometric Traits, after
Orthogonal Rotation

Morphometric PCA factors

Anal-fin- Orbit/
Body length Jaw length base length Body depth preorbit length

Trait (MI) (MII) (MIII) (MIV) (MV) Comm.?
Vent 0.809* —0.011 —0.047 0.014 —0.014 0.657
Dorsal fin origin 0.737* —0.007 0.001 —0.120 —0.061 0.561
Standard length 0.761% —0.210 0.264 0.148 —0.059 0.718
Operculum 0.039 0.828* —0.100 0.015 0.063 0.701
Maxillary —0.215 0.786% —0.094 —0.041 0.009 0.674
Anal-fin base —0.164 —0.349 0.862* —0.067 —0.002 0.897
Supraoccipital —0.318 —0.043 —0.607 —0.164 0.005 0.498
Body depth —0.075 —0.005 0.038 0.865* —0.182 0.789
Orbit diameter —0.269 0.067 —0.124 —0.267 0.837* 0.864
Preorbit —0.386 0.027 —0.257 —0.537 —-0.611 0.877
Head width —0.021 —0.463 —0.448 0.442 0.164 0.637
vpb 0.199 0.150 0.136 0.126 0.105

*Loadings greater than 0.7.
3The communality or squared multiple correlation of a trait with the factors.
5The proportion of total variance explained by each factor.
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Figure 3. Dependent variable means for year classes within years. Year
classes are as follows: 1980, squares; 1981, triangles; 1982, stars; 1983, cir-
cles; 1984, inverted triangles. Solid line connects 1984 ages (filled symbols);
dashed line connects those from 1985. SIZE = consensus size measure;
COND = condition factor; GSI = gonadosomatic index. PCA factors, MI-MV,
are body length, jaw length, anal-fin-base length, body depth, and orbit/preor-
bital length. Dimensions are described in text and figures 1 and 4. Standard
error bars are misleadingly small; differences between years may be station
sampling effects (see Results, ANOVAs).

temperature as a random effect. The overwhelming ef-
fects of station can be seen, yet temperature retains some
effect on GSI, body length, and body depth.

Correlation Analysis

Correlations of subsample means of dependent vari-
ables, among themselves and with independent variables,

are presented in table 4. Two general patterns are seen:
(1) condition is positively correlated with body length
and body depth, and negatively correlated with jaw length
and orbit/preorbit length; and (2) GSI slope is negatively
correlated with size and GSI, which are themselves pos-
itively correlated. Body length, body depth, GSI slope,
and condition subsample means are similarly correlated
positively with year and negatively with temperature;
mean GSI shows the opposite pattern. Jaw length and
orbit/preorbit length are uncorrelated with the inde-
pendent variables, but jaw length is highly significantly
negatively correlated with body depth as well as with
condition. Anal-fin-base length is negatively correlated
with CalCOFI line, depth, and perhaps temperature; size
is positively correlated with distance offshore, depth, and
age. Notwithstanding their mutual (but opposite) cor-
relation patterns with year and temperature, GSI and
condition were negligibly correlated. Nevertheless, fig-
ure 3 suggests a high degree of negative correlation be-
tween reproductive and somatic condition among
age-classes within years, which is so (r = —0.847; d.f. 6,
p < 0.01).

Spatial patterns

The spatial distribution of subsample-mean size 1s
shown in figure 1B; the contours, at approximately 10%
increments in linear dimensions, reflect highly signifi-
cant differences among subsample means. As noted by
earlier workers (references in Parrish et al. 1985), an-
chovies are generally somewhat larger offshore and over
deeper water (table 4), but in contrast to earlier findings,
our samples showed no gradient of increasing size from
southeast to northwest.

Spatial pattern for GSI subsample-means was similar
to that of size (compare figures 1B,C). Notwithstanding
the correlations of GSI slope with GSI and size, its
spatial pattern was somewhat different (figure 1D). GSI
slope >2 (figure 2B) was seen only in a northern group

TABLE 3
Maximum-Likelihood Analyses of Variance for Traits and Factor Scores of 1,836 Northern Anchovies
Age Temperature Station (temp)
(d.f 3) (d.f 3) (@d£ 1)

Trait or factor X2 P x2 P x2 P
Size 159.75 0.000 1.68 0.642 1432.46 0.000
Condition 1.16 0.762 6.13 0.106 742.75 0.000
GS1 9.96 0.019 8.58 0.035 922.80 0.000
Body length 5.17 0.160 18.14 0.000 11.57 0.001
Jaw length 11.99 0.007 2.25 0.522 245.19 0.000
Amal-fin-base length 1.54 0.673 4.65 0.200 64.15 0.000
Body depth 2.45 0.485 8.41 0.038 171.69 0.000
Orbit/preorbit length 2.24 0.525 1.22 0.749 56.34 0.000

Age (otolith score) and temperature (rounded to nearest degree) are fixed effects, and station within temperature is a random effect in mixed-model

ANOVAs. x? is the difference between log-likelihood estimates (—2 - In[maximum likelihood]) for the full model and for the model with that effect set to
zero; p is the associated probability, given the assumptions of the ANOVA. Variables are size, condition, GSI, and five PCA orthogonally rotated morpho-

metric factors (table 2).
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TABLE 4
Correlations among Mean Traits or PCA Factor Scores and Independent Variables for Subsamples of Northern Anchovy
Anal-fin- Orbit/preorbit
Body length  Jaw length  base length  Body depth length GSI
(MI) (MII) (MIII) (MIV) (MV) Size Condition GSI slope

Ml —0.099
MIII 0.070 0.027
MIV 0.228 —0.470% 0.200
MV 0.002 0.169 -0.275 —0.187
Size —0.014 —0.037 —0.124 0.268 0.139
Cond 0.401* —0.512% —0.143 0.524* —0.354* 0.019
GSI —0.163 —0.050 —0.149 0.286 —0.129 0.556* 0.008
Gslope 0.399% —0.010 0.047 0.021 —0.130 —0.495* 0.209 —0.726*
Year 0.566% —0.093 —0.222 0.374* 0.091 0.005 0.504* —0.371* 0.554*
Dist 0.410* 0.071 —0.191 —0.074 0.314 0.570% —0.174 0.227 —0.059
Line —0.149 0.091 —0.522* —0.300 —0.167 0.043 —0.031 0.464* —0.277
Depth 0.254 —0.048 —0.387* 0.021 0.321 0.492% —0.115 0.284 —0.100
Temp —0.435% 0.129 —0.346* —0.483* 0.209 0.031 —0.472% 0.465% —0.598*
Age —0.202 —0.015 (0.131 —0.057 0.271 0.362* —0.089 —0.025 —0.273
YC 0.436% —0.030 —0.215 0.222 —0.191 -0.309 0.311 —0.151 0.491*

Means are for 37 subsamples with more than 13 fish. Variables are: five orthogonally rotated morphometric PCA factors, size, condition, GSI, GSI slope, year
(of sampling), distance offshore, CalCOFI line, depth of bottom, sea-surface temperature, age, year class (YC). With 35 d.f, r outside the range —0.325 <r <
0.325 (asterisks) is associated with p < 0.05 when the distribution is bivariate normal.

TABLE 5
Analysis of Covariance of Subsample Means for Traits or
Factor Scores

Trait or factor V% F P

Size 91.7 30.75 0.000
Condition 94.2 38.84 0.000
GSI . 92.0 2211 0.000
Body length 73.7 3.54 0.014
Jaw length 70.7 222 0.078
Anal-fin-base length 61.4 1.36 0.287
Body depth 79.3 6.11 0.001

Orbit/preorbit length 77.7 3.61 0.013

Variables corrected for year, age, size, and PCA factors, where appropriate.
VY% is percent of total variance among subsample means attributable to station
differences; F is ratio of station mean square to subsample-within-station
mean square; p is probability that differences among stations are similar to
differences among ages within stations. Numerator degrees of freedom are 12;
denominator d.f. are 19 (size), 18 (condition, GSI), and 14 (PCA factors).

of 1985 subsamples of maturing anchovies lacking
females with hydrated oocytes. All but one of the neg-
ative GSI slopes were observed in subsamples contain-
ing females with hydrated oocytes, and these GSI slopes
did not appear to be random deviations from zero; they
formed a compact cluster (figure 1D).

Geographic patterns in subsample means for the five
morphometric factors are shown in figure 4. The con-
tours are in standard deviations (SD) from the grand
mean (=0) of the standardized factor; 0.5 SD is equiv-
alent to p < 0.05 for a ¢ test of subsample mean with
n > 17. The pattern for body depth (MIV, figure 4D) is
strikingly similar to that for condition (cf. figure 1E).

Autocorrelation of subsample means for 1985 declined
with distance, from a within-station r of +0.6 to +0.95
to an r near zero at 100—-200 km for size, condition, GSI,

GSI slope, body depth, and orbit/preorbit length. For

morphometric factors body length, jaw length, and anal-
fin-base length, within-station correlation was lower (cf.
table 5), and r declined to zero within the first 100 km.
For all variables, randomization of subsample means over
stations resulted in more complex contour maps, usu-
ally with several equally likely alternative configurations;
spatial autocorrelation was negligible, as expected.

Heterogeneity within Stations

The null hypothesis of the ANCOVAs of subsample
means (table 5) is that even though differences between
stations may be large, they are no greater than difter-
ences between subsamples within stations. F-statistics
were highly significant for size, GSI, and especially con-
dition; they were less so for body length, body depth,
and orbit/preorbit length; and they were not signifi-
cant for jaw length and anal-fin-base length. Since sig-
nificant differences between stations do exist (table 3),
these results indicate that some heterogeneity among
subsamples within stations also exists for jaw length and
anal-fin-base length.

For the 1982 year class, Levene tests for heterogeneity
of variance among subsamples were significant for size
(p < 0.001) and the principal components body length,
jaw length, body depth, and orbit-preorbital length
(p < 0.05). For the 1983 year class, Levene’s tests were
significant for size (p < 0.001) and anal-fin-base length
(p < 0.01). For the 1984 year class, Levene’s tests were
significant for size and jaw length (p < 0.001) and body
length (p < 0.05). Thus, of 18 such tests (excluding year
classes before 1982 for which sample sizes were small),
10 were associated with p < 0.05. Heterogeneity within
certain subsamples was further suggested by positive cor-
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Figure 4. Contours of equal subsample means for orthogonally rotated morphometric factors Mi-MV (body length, jaw length, anal-fin-base length, body depth,

and orbit/preorbital length), in standard deviations of the standardized factor. Coordinates are CalCOFI coordinate cardinal and station lines as in figure 1. Filled

circles are 1984 stations; open circles are 1985 stations.

relation of subsample variances between factors and
between factors and size. Of 15 such intercorrelations
of subsample variances, 12 were positive (x> = 5.40,
p < 0.025; the mean of z-transformed intercorrelations
was significantly greater than zero by f test, p < 0.01).
Correlation was hardly reduced when subsample vari-
ances were adjusted for sex differences, nor did it appear
to result from differences in subsample size.

DISCUSSION

Morphometrics and Condition

We chose the mean of the logs of the 11 morpho-
metric measures as a general size variable, as suggested
by Mosimann (1970, 1987). Because we were interested
in variation in different parts of a continuously distrib-
uted population (rather than among isolated populations;
Strauss and Bond 1990), we removed by regression as
much as possible of the variance due to size before ex-
tracting principal components. To reduce variance in-
troduced by the radical changes in shape accompanying
sexual ripening, particularly the hydration of oocytes,
we measured body depth at the pectoral girdle, rather
than at a more representative pelvic location. We hoped
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thereby to recover from each anchovy measures of
“shape” independent of size. We were indeed success-
ful in avoiding substantial correlation of morphometric
factors with size and with gonadal condition as mea-
sured by GSI.

However, subsample means of at least three of the five
factors were each significantly correlated with somatic
condition (table 4). That body depth was so correlated
is reasonable; variation in the body-length factor, com-
prising, in part, measures of both length and depth, may
be similarly explained. Negative correlation of condi-
tion with jaw length (table 4) has no such easy inter-
pretation; jaw length was also negatively correlated with
body depth, and these correlations of jaw length were
in no case weakened after regression upon age, distance
offshore, CalCOF! line, depth, temperature, and/or year
(unpublished results).

The engraulids’ elongate maxillae and opercula are
associated with their unique filter-feeding method, in
which the buccal and pharyngeal chambers are greatly
expanded. Northern anchovies either attack prey indi-
vidually or filter feed, depending upon prey size and abun-
dance (Leong and O’Connell 1969); one might speculate
that the temperature-independent association between
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jaw length and condition and body depth is somehow
trophic in origin. Part of the covariance discussed in the
preceeding paragraph arises from similarities among the
three neighboring Southern California Bight subsamples,
which together constitute most of the 1984, age 1 group
(figure 1A, stations B, D, and F; figure 3, filled stars).
These fish share a combination of low mean condition,
short and slender body, long jaw, and large orbits (fig-
ures 1 and 4), which we call the “lean and hungry look”
(cf. Blaber et al. 1981 for a similar case in a clupeid).

Size and Shape

Much theoretical and practical effort has been ex-
pended in pursuit of precise differentiation of variables
of size and shape (cf. Sampson and Siegel 1985; Bookstein
et al. 1985; Reist 1986; Mosimann 1987; Strauss and
Bond 1990). In light of the findings discussed above, we
perceive a certain futility in this, at least in the study of
individual variation in continuously distributed popula-
tions, growing and reproducing in spatially and tempo-
rally variable environments. However they are defined,
size and shape of anchovies, both of which include as-
pects of somatic and reproductive condition, fluctuate
greatly during the course of the year and from place to
place and year to year. Size and shape are dynamic and
all of a piece, and cannot be rigorously separated.

Therefore, we have no illusions that size and our mor-
phometric factors measure absolutely distinct attributes
of anchovies. Nevertheless, particularly in correlations
with condition and GSI, they reflect different patterns
of individual, temporal, and spatial variation. Condition
was independent of size but was associated with body
length, jaw length, body depth, and orbit/preorbit length
(table 4). GSI was highly correlated with size (as was GSI
slope, negatively), but was independent of condition and
the morphometric factors. Inclusion of pelvic points
among the morphometric measures probably would have
reunited GSI with morphometrics and helped to pro-
vide a better picture of the complex exchanges between
somatic and reproductive condition.

Somatic and Reproductive Condition

There is currently both theoretical and practical con-
cern over the nature of trade-offs between reproductive
investment and somatic condition and growth, particu-
larly with respect to individual variation (Dygert 1986;
Rijnsdorp 1990; Nelson 1993). Although significant
negative covariance of GSI and condition among age
classes within years (figure 3) seemingly supports a trade-
off hypothesis, there is little correlation of the two either
among individuals (unpublished analyses) or among sub-
sample means.

It is remarkable that—notwithstanding the positive
slopes of GSI on somatic wet weight in subsamples with

lower mean GSI—negative GSI slopes are found when
GSI is high (figure 2B). The negative correlation of GSI
slope with GSI may be caused by temperature (table 4).
It appears that with colder temperatures, maturation, es-
pecially of the smaller anchovies in a year class, is de-
layed and perhaps prevented entirely. When temperatures
are such that all may mature, relative gonad size may be
larger in smaller fish. Our analysis of data collected in
the Los Angeles Bight in the winters of 1978 and 1979
(Hunter and Macewicz 1980, table 4) suggests that batch
fecundity obeys a similar rule. The slope of the regres-
sion of log(number of hydrated eggs divided by so-
matic weight) upon log(somatic weight) in 1978 is
—0.176, significantly different (p < 0.002) from the slope
of +0.401 in the distinctly cooler winter of 1979 (12°-13°
vs 14°=15°C; Hewitt and Methot 1982). Such size-
dependent responses are examples of individual varia-
tion in reproductive reaction-norm allometry (Nelson,
in press), with consequences for demographic response
to temperature and trophic change. Puzzling and mis-
leading patterns of response may result from lumping

samples from different years or places (e.g., Parrish et al.
1986, figures 4B, 4C, 10).

Heterogeneity within and among Stations

In this paper, age classes within stations (subsamples
with n > 13) have been treated as independent samples.
For a sedentary species this would often be untenable.
But the northern anchovy is a pelagic species capable of
moving great distances (Haugen et al. 1969) and not
known to return to localized spawning grounds as her-
ring do. Common natal locality or even similar later ex-
periences among different year classes spawning in the
same area remain hypotheses to be tested. A priori, one
might expect less similarity among anchovies of differ-
ent ages from the same station than among members of
the same year class from nearby stations.

For size, condition, GSI, and body depth, anchovies
of different ages are more homogeneous within than
among stations (table 4). This might result from assor-
tative grouping, such as by swimming speed, or it might
reflect common experience among year classes found
at the same locality. There is evidence for both processes.
On the one hand, at several stations, different ages dis-
played similar bimodal distributions of size. Also, het-
erogeneity of variance among subsamples within a year
class was coupled with covariation of subsample vari-
ances for morphometric factors and size. These findings
all imply that certain midwater-trawl hauls sampled sev-
eral homogeneous groups with disparate size and mor-
phometric characteristics. Such contiguous but dissimilar
groups may have formed by assortative clustering, and
may represent the “elementary populations” hypothe-
sized by Lebedev (1969). On the other hand is the ev-
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idence of mesoscale spatial autocorrelation (100-200 km
for size, condition, GSI, GSI slope, body depth, and
orbit/preorbit length). Such similarities among neigh-
boring stations are more difficult to explain by assorta-
tive grouping, and therefore imply common experience.

Contours on maps of subsample means randomly
reassigned to stations were more complex than those in
figures 1 and 4 and often not topologically uniquely de-
termined. Usually such randomized maps had several
stations with more than one contour passing through
them, signalling heterogeneity among the subsample
means reassigned there. Such stations are seen only twice
in the observed contour maps: for jaw length at station
K and for anal-fin-base length at station E (figures 4B,C).
For these factors, variance in subsample means was lit-
tle different within and among stations (table 5), and
within-station means were not highly autocorrelated.
If differences in jaw length or anal-fin-base length are
established early in life, they may reflect variation in lar-
val or juvenile experience, not just among natal locali-
ties, but also among year classes from the same area that
are later captured together. Thus, within-station het-
erogeneity for these factors could imply low spawning-
site fidelity, and heterogeneity of origin of the difterent
year classes at a station. These disparate year classes,
through common environment and assortative group-
ing, later come to resemble one another in other ways

(size, condition, GSI, body depth).

Spatial and Temporal Variation in the California
Current System

Spatiotemporal patterns in anchovy life-history and
morphometric characters must be related somehow to
variation in the oceanographic regime along California
and northern Baja California. This regime (Hickey 1979)
is dominated by the southward-flowing California
Current, which moves oftshore at Point Conception
(CalCOFI line 80) and returns onshore near line 100-110
(figure 1A). Inshore of this in the Southern California
Bight is a semipermanent counterclockwise gyre. A
northward-flowing countercurrent over the continen-
tal slope reaches the surface inshore north of Point
Conception in fall and winter, as the Davidson Current
(McLain and Thomas 1983). In spring and summer north
of Point Conception, and most of the year south of
line 100, northwest winds cause cold and nutrient-rich
upwelled water to spread out locally offshore. Recent
evidence suggests incursion of nutrient-poor warm
water from the southwest into the bight during the
second half of the year (Pelacz and McGowan 1986).
Interannual variation of concern is the California
El Nino that began in late 1982 and abated somewhat
during the 1984 spawning season, but which may
have had the largest positive temperature anomalies in

118

summer 1984 (Fiedler et al. 1986; figure 1A shows 15°C
winter isotherms for 1983—85). These changes may have
been associated with northward advection, even at
several hundred meters’ depth (Norton et al. 1985),
although there are certain problems with this hypothe-
s1s (McGowan 1985).

Variation in production may be related to these an-
nual and interannual patterns of water movement. Fiedler
(1983) and Pelaez and McGowan (1986) find corre-
spondences between episodic zones of high surface phy-
toplankton-pigment concentration seen in satellite images
and infrared images of areas of cold (upwelled) water.
The latter include an inappropriately named “hot spot”
over the submarine peninsula extending south-southeast
from Point Conception along CalCOFI offshore coor-
dinate 50 to the latitude of San Diego. Although El Niilo
events are associated with reduced nutrients, the bio-
logical response is likely to be complex and nonuniform
and to involve delays at each point (McGowan 1985).
Certain subtropical plankton and nekton appear far to
the north (Pearcy et al. 1985). Again, there is room for
interpretation about how much of this reflects north-
ward advection vs in situ response by plankton (cf. Roesler
and Chelton 1987) and active “following of isotherms”
by certain nektonic species.

For each dependent variable in our analysis, spatial
variation accounted for a much greater proportion of
the variance than did interannual variation. Within a sta-
tion, ages tended to have similar means (although occa-
sional large differences were found with jaw length and
anal-fin-base length in particular), and this was often true
of neighboring stations as well (e.g., those sharing the
“lean and hungry look”). Some or all of the eftects of
year of sampling may be artifacts of discrete sampling
from a geographically variable population, but some of
them may be real, reflecting interannual differences in
temperature in particular.

We discern two seemingly independent temperature-
correlated patterns, one shared by size, GSI, and GSI
slope, and another related to condition, body depth, and
body length (figures 1 and 4; cf. table 4). Neither con-
sists of a simple cline such as that of temperature with
CalCOFI line. Association with temperature accounts
for less than 40% of the variance in any of these de-
pendent variables, but sea-surface temperature at cap-
ture may be a poor proxy for the physiologically relevant
thermal history of an anchovy. The temperatures likely
to have significant impact on winter somatic condition
and gonadal maturation are those in the previous grow-
ing season, which may not be related to temperatures
at capture time. And if anal-fin-base length reflects tem-
perature-dependent meristic differences established early
in life (McHugh 1951), the connection with station sea-
surface temperature is even more remote.
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One might argue, then, that the significant correla-
tions we see between morphological and reproductive
traits and temperature are a minimum estimate of tem-
perature-associated direct and indirect influences upon
those variables. Signs of these influences may be found
in the spatiotemporal distributions of subsample means
(figures 1 and 4). The similar patterns of condition and
body depth in particular resemble Pelaez and McGowan’s
(1986; cf. also Fiedler 1983) patterns of phytoplank-
ton-pigment concentration and sea-surface temperature,
differing mainly in offshore extent. One notices a sim-
ilar “hot spot” of positive values trending southeastward
of Point Conception, and inshore of this a northward
“incursion” of negative values, including those sub-
samples characterized by the “lean and hungry look.”
We surmise that the correlation pattern here is with tem-
perature as an indicator of prior trophic conditions,
whereas the influence of temperature upon gonadal mat-
uration, GSI, and GSI slope is more direct. However,
the “incursion” also coincides well with sampling in
1984, and the “hot spot” with sampling in 1985. We
cannot completely resolve the correlates of interannual
and geographic variation in temperature, although we
suspect the geographic differences are more important.
Thus we conclude that although an “El Nifio signature”
may be discoverable in adult anchovies, it may be buried
amid the disparate causes of geographic variation.

Fidelity to Locality and Water Mass

Fiedler et al. (1986) find “obvious discontinuities” in
Department of Fish and Game (DFG) growth data, a sharp
drop in size between October 1982 and February 1983,
and a corresponding increase between September and
November 1984. They suggest that the smaller anchovies
caught during this period may have grown more slowly
or have been of southern provenance, moving north with
El Nifio as certain other nekton is known to do (Pearcy
et al. 1985). Our data agree in suggesting a small size for
the 1983 year class, age-0 fish caught in 1984 (cf. Butler
1989). Otherwise, we detect no interannual differences
in size, although 1984 and 1985 year-class means dif-
fered for the size-adjusted principal component MI, a
measure of relative body length (figure 3).

Whether anchovies change their location during an
El Nifio or other warming event depends upon the de-
gree to which they move independently of the water
mass, as opposed to either active migration with it or
passive advection. The outcome of a warming event will
depend upon two sets of alternative conditions: (1)
whether there is indeed mass water transport from the
south or west or both during a warming event, or rather
an in situ increase in water temperature; and (2) whether
movements are oriented by geographically fixed features,
or alternatively by prey density or some correlated en-

vironmental variable. The relative importance of these
alternative but not necessarily exclusive possibilities
will determine whether winter-cruise samples from the
same location are of different provenance in different
years, or whether their origins may be the same.

The available evidence suggests both that anchovies
can move quite independently of the water mass, and
that they possess a degree of spawning-site fidelity. The
Sea of Azov population of the European anchovy Engraulis
encrasicolus spawns in the Sea of Azov, then migrates
through Kerch’ Strait to winter in the Black Sea; its dis-
tribution within the Black Sea evidently varies with win-
ter temperature (Chashchin 1985, and references therein).
Thus their movements appear to reflect both environ-
mental tracking and site fidelity, depending upon season.
Adults of the northern race of Engraulis mordax may win-
ter inshore with the juveniles, then segregate and move
offshore for their summer spawning season (Laroche and
Richardson 1980). A similar pattern but of opposite
phase—southward and offshore movement for winter
spawning—has been described for the central subpopula-
tion in the Southern California Bight (Mais 1974). Haugen
et al. (1969) interpret northern California recaptures of
southern California anchovies and vice versa as imply-
ing movement northward in summer and southward in
winter, which if true would be counter to seasonal flows
of the California and Davidson Currents, respectively.

We do not know to what extent northern anchovies
“follow the isotherms,” nor to what extent they might
combine summertime foraging flexibility with fidelity
to winter spawning locality (but see MacCall 1990). But
if anchovies captured in 1984 and 1985 had been of
greatly different provenance, we would anticipate more
pronounced temperature-influenced differences between
them, on the order of the geographic variation we have
described. Aside from the slower growth of age-0 fish
in 1984, we found no appreciable differences in size. The
morphometric differences observed between years would
certainly have been exaggerated had El Nifio presented
us in the winter of 1984 with a different kind of an-
chovy from the south.

ACKNOWLEDGMENTS

The authors thank R. D. Methot for obtaining the
samples of anchovies used in this study, Mary Simmons
for her help with data entry, and Lynne Stenzel for her
roles in data organization and analysis. This research was
funded in part by a grant (R/F 98) from the California
Sea Grant College Program.

LITERATURE CITED

Blaber, S. J. M., D. P. Cyrus, and A. K. Whitfield. 1981. The influence of
zooplankton food resources on the morphology of the estuarine clupeid
Gilchristella aestuarius (Gilchrist, 1914). Env. Biol. Fish. 6:351-355.

119



NELSON ET AL.: VARIATION IN NORTHERN ANCHOVIES
CalCOFI Rep., Vol. 35, 1994

Bookstein, F. L., B. Chernoff, R. L. Elder, J. M. Humphries, G. R.. Smith,
and R. E. Strauss. 1985. Morphometrics in evolutionary biology. Special
Publication 15, Academy of Natural Sciences of Philadelphia.

Butler, J. L. 1989. Growth during the larval and juvenile stages of northern
anchovy, Engraulis mordax, in the California Current during 1980-84. Fish.
Bull,, U.S. 87:645-652.

Chashchin, A. K. 1985. Changes in the population structure of anchovy,
Engraulis encrasicolus, of the Azov-Black Sea Basin. ]. Ichthyol. 25:9-15.

Collins, R. A, and J. D. Spratt. 1969. Age determination of northern an-
chovies, Engraulis mordax, from otoliths. Calif. Dep. Fish Game, Fish Bull.
147:39-55.

DeMartini, E. E. 1991, Annual variations in fecundity, egg size, and the go-
nadal and somatic conditions of queenfish Seriphus politus (Scianidae). Fish.
Bull,, U.S. 89:9-18.

Dixon, W. J., M. B. Brown, L. Engelman, M. A. Hill, and R. [. Jennrich,
eds. 1988. BMDP statistical software manual. Berkeley: Univ. Calif. Press.

Dygert, P. H. 1986. Management implications of variability in reproduc-
tion and growth of commercial marine fishes. Ph.D. diss., Univ. Wash.,
Seattle.

Eber, L. E., and R. P. Hewitt. 1979. Conversion algorithms for the CalCOFI
station grid. Calif. Coop. Oceanic Fish. Invest. Rep. 20:135-137.

Fiedler, P. C. 1983. Satellite remote sensing of the habitat of spawning an-
chovy in the Southern California Bight. Calif. Coop. Oceanic Fish. Invest.
Rep. 24:202-209.

Fiedler, P. C., R. D. Methot, and R. P. Hewitt. 1986. Effects of the California
El Nino 1982-1984 on the northern anchovy. J. Mar. Res. 44:317-338.

Frane, J., R. Jennrich, and P. Sampson. 1988. Factor analysis. In BMDP
statistical software manual, W. J. Dixon, M. B. Brown, L. Engelman,
M. A. Hill, and R. I. Jennrich, eds. Berkeley: Univ. Calif. Press, 309-335.

Haugen, C. W, J. D. Messersmith, and R. H. Wickwire. 1969. Progress re-
port on anchovy tagging off California and Baja California, March 1966
through May 1969. Calif. Dep. Fish Game, Fish Bull. 147:75-89.

Hedgecock, D., E. S. Hutchinson, G. Li.,, F. L. Sly, and K. Nelson. 1989.
Genetic and morphometric variation in the Pacific sardine, Sardinops sagax
caernlea: comparisons and contrasts with historical data and with variabil-
ity in the northern anchovy, Engraulis mordax. U.S. Nat. Mar. Fish. Serv.
Fish. Bull. 87:653-671.

. 1994. The central stock of northern anchovy Engraulis mordax is not
a randomly mating population. Calif. Coop. Oceanic Fish. Invest. Rep.
35 (this volume).

Hewitt, R. P., and R. D. Methot, Jr. 1982. Distribution and mortality of
northern anchovy larvae in 1978 and 1979. Calif. Coop. Oceanic Fish.
Invest. Rep. 23:226-245,

Hickey, B. M. 1979. The California Current system—hypotheses and facts.
Prog. Oceanogr. 8:191-279.

Hubbs, C. L. 1925. Racial and seasonal variation in the Pacific herring,
California sardine and California anchovy. Calif. Fish Game Comm. Fish
Bull. 8, 23 pp.

Hunter, J. R., and B. J. Macewicz. 1980. Sexual maturity, batch fecundity,
spawning frequency, and temporal pattern of spawning for the northern
anchovy, Engraulis mordax, during the 1979 spawning season. Calit. Coop.
Oceanic Fish. Invest. Rep. 21:139-149.

Hunter, J. R..N. C. H. Lo, and R.. J. H. Leong. 1985. Batch fecundity in
multiple spawning fishes. NOAA Tech. Rep. NMFS 36:67-77.

Jennrich, R., and P. Sampson. 1983. General mixed model analysis of vari-
ance. In BMDP statistical software manual, W. J. Dixon, M. B. Brown,
L. Engelman, M. A. Hill. and R. L. Jennrich, eds. Berkeley: Univ. Calif.
Press, pp. 1025-1043.

Laroche. J. L., and S. L. Richardson. 1980. Reproduction of northern an-
chovy, Engraulis sordax, off Oregon and Washington. U.S. Nat. Fish. Serv.
Fish. Bull. 78:603-618.

Lebedev, N. V. 1969. Elementary populations of fish. Israel Program for
Scientific Translations, Jerusalem.

Leong, R.J. H., and C. P. O’Connell. 1969. A laboratory study of partic-
ulate and filter feeding of the northern anchovy (Engraulis mordax). J. Fish.
Res. Board Can. 26:557-582.

MacCall, A. D. 1990. Dynamic geography of marine fish populations.
Washington Sea Grant, Seattle: Univ. Wash. Press.

Mais, K. F. 1974, Pelagic fish surveys in the California Current. Calif. Dep.
Fish Game, Fish Bull. 162:1-79.

120

McGowan, J. A. 1985. El Nifio 1983 in the Southern California Bight. In
El Nifo north: nifio effects in the Eastern Subarctic Pacific Ocean, W. S.
Wooster and D. L. Fluharty, eds. Washington Sea Grant, Univ. Wash.,
Seattle.

McGowan, M. F. 1984. The distribution and abundance of eggs and larvae
of the northern anchovy (Engraulis mordax) and coincident plankton in San
Francisco Bay, California, during 1978-1979. M.A. thesis, San Francisco
State Univ.

McHugh, J. L. 1951. Meristic variations and populations of northern an-
chovy (Engraulis mordax). Scripps Inst. Oceanogr. Bull. 6:123-160.

McLain, D. R, and D. H. Thomas. 1983. Year-to-year fluctuations of the
California Countercurrent and effects on marine organisms. Calif. Coop.
Oceanic Fish. Invest. Rep. 24:165-181.

Miller, P. J., ed. 1979. Fish phenology: anabolic adaptiveness in teleosts.
Zoological Society of London Symposia, no. 44.

Mosimann, J. E. 1970, Size allometry: size and shape variables with charac-
terizations of the lognormal and generalized gamma distributions. J. Amer.
Statist. Assoc. 65:930-945.

. 1987. Size and shape analysis. In Encyclopedia of statistical sci~
ences, S. Katz and N. L. Johnson, eds. New York: Wiley, pp. 497-507.

Nelson, K. 1993. Individual variation in acquisition/allocation reaction norms.
In The exploitation of evolving resources, T. K. Stokes, J. M. McGlade,
and R. Law, eds. Springer-Verlag, pp. 91-106.

Nelson, K., and M. Soulé. 1987. Genetical conservation of exploited fishes.
In Population genetics and fisheries management, N. Ryman and F. Utter,
eds. Washington Sea Grant, Seattle: Univ. Wash. Press, pp. 345-368.

Norton, ., D. McLain, R. Brainard, and D. Husby. 1985. The 1982-1983
El Nifto event off Baja and Alta California and its ocean climate context.
In El Nifio north: nino effects in the eastern subarctic Pacific Ocean, W.
S. Wooster and D. L. Fluharty, eds. Washington Sea Grant, Univ. Wash.,
Seattle, pp. 44-72.

Parrish, R. H., D. L. Mallicoate, and K. F. Mais. 1985. Regional variations
in the growth and age composition of northern anchovy, Engraulis mor-
dax. Fish. Bull., U.S. 83(4):483—-496.

Parrish, R. H., D. L. Mallicoate, and R. A. Klingbeil. 1986. Age dependent
fecundity, number of spawnings per year, sex ratio, and maturation stages
in northern anchovy, Engraulis mordax. U.S. Nat. Fish. Serv. Fish. Bull.
84:503-517.

Pearcy, W., J. Fisher, R. Brodeur, and S. Johnson. 1985. Effects of the
1983 El Nifo on coastal nekton off Oregon and Washington. In El Nino
north: nifo effects in the eastern subarctic Pacific Ocean, W. S. Wooster
and D. L. Fluharty, eds. Washington Sea Grant, Univ. Wash., Scattle,
pp. 188-204.

Pelaez, J., and J. A. McGowan. 1986. Phytoplankton pigment patterns in the
California Current as determined by satellite. Limnol. Oceanogr.
31:927-950.

Reid, J. L. 1966. Oceanic environments of the genus Engraulis around the
world. Calif. Coop. Oceanic Fish. Invest. Rep. 11:31-33.

Reist, J. D. 1986. An empirical evaluation of coefficients used in residual and
allometric adjustment of size covariation. Can. J. Zool. 64:1363-1368.

Rijnsdorp, A. D. 1990. The mechanism of energy allocation over repro-
duction and somatic growth in female North Sea plaice, Plenronectes platessa
L. Neth. J. Sea Res. 25:279-290.

Roesler, C. S., and D. B. Chelton. 1987. Zooplankton variability in the
California Current, 1951-1982. Calif. Coop. Oceanic Fish. Invest. Rep.
28:59-96.

Rossi, R E., D.J. Mulla, A. G. Journel, and E. H. Franz. 1992. Geostatistical
tools for modelling and interpreting ecological spatial dependence. Ecol.
Monogr. 62:277-314,

Sampson, P. D, and A. F. Siegel. 1985. The measure of “size” independent
of “shape” for multivariate lognormal populations. J. Amer. Statist. Assoc.
80:910-914.

Schmalhausen, [. 1. 1949. Factors of evolution: the theory of stabilizing se-
lection. Philadelphia: Blakiston.

Strauss, R. E., and C. E. Bond. 1990. Taxonomic methods: morphology.
In Methods for fish biology, C. B. Schreck and P. B. Moyle, eds. Bethesda,
Md.: Amenican Fisheries Society, pp. 109-140.

Vrooman, A. M., P. A. Paloma, and J. R. Zweifel. 1981. Electrophoretic,
morphometric, and meristic studies of subpopulations of northem anchovy,
Engraulis mordax. Calif. Fish Game 67(1):39-51.




HEDGECOCK ET AL.: GENETIC STRUCTURE OF THE CENTRAL STOCK OF NORTHERN ANCHOVY

CalCOFI Rep., Vol. 35, 1994

THE CENTRAL STOCK OF NORTHERN ANCHOVY (ENGRAULIS MORDAX) IS NOT
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ABSTRACT

Allozyme variation at ten polymorphic loci is reported
for a total of 2,628 northern anchovies from 32 mid-
water trawl samples of the central stock taken by the
CalCOFI spawning biomass survey cruises of December
1982, and the winters of 1983, 1984, and 1985. Frequen-
cies of genotypes at these loci conform to those expected
on the basis of random mating, according to the Hardy-
Weinberg (HW) principle and goodness-of-fit tests.
Yet goodness-of-fit tests have low power for detecting
failure of the HW principle or its assumptions and are
here contradicted by evidence for significant hetero-
geneity of allelic frequencies among stations within years
and within the total sample. Wright’s F¢.statistic, a rela-
tive measure of allele-frequency variance among stations
that ranges from 0.005 to 0.020, indicates little differ-
entiation and relatively high gene flow among stations.
Absolute total variance of allelic frequency among sta-
tions, however, is twice as large as the binomial sampling
variance for a single, randomly mating population. More-
over, chi-square contingency tests of allele-frequency
homogeneity among stations are highly significant over
all loci for each of the four years. These results falsify
the hypothesis that the central stock is a randomly mat-
ing population.

Several lines of evidence suggest that the genetic
heterogeneity of the central stock is geographically un-
patterned, or “chaotic,” giving no indication of spatially
distinct panmictic units. The loci that contribute to het-
erogeneity differ from year to year. Allelic frequencies
are correlated weakly or not at all with latitude (CalCOFI
line coordinate) or distance offshore. Spatial autocorre-
lation of allelic frequencies is weak among age subsam-
ples within stations and declines to nonsignificant levels
within 100 km. Correlations among genotypes at dif-
ferent loci, which can be nonzero in mixtures of ge-
netically differentiated populations, are not significantly
different from zero. Finally, cluster analysis of genetic
distances among all 32 stations joins samples from dif-
ferent years and disparate latitudes at high levels of
similarity.

Variation in allelic frequencies is significantly corre-
lated with morphometric variation but not with mea-
sures of condition or reproductive state, suggesting that

[Manuscript received March 3, 1994.]

observed genetic heterogeneity is associated with sub-
stantial, perhaps heritable, morphological variation within
the central stock. Genetic and morphometric variance
may be generated by processes governing reproductive
success, larval survival, and recruitment to first schools.
How this variance is maintained through the adult
stages is a matter for speculation, but it does permit nat-
ural selection to act among groups as well as among
individuals.

RESUMEN

Se reporta la variacién de alocimos en diez loci
polimorfos de 2,628 anchovetas nortenas del stock cen-
tral obtenidas de 32 arrastres a media agua. Las mues-
tras fueron obtenidas por el programa “CALCOFI” en
los cruceros de evaluacién de la biomasa de ponedores
en diciembre de 1982 y los inviernos de 1983, 1984 y
1985. La distribucidn de frecuencias de los genotipos en
estos loci se ajusta a las frecuencias esperadas en base a
una suposicion de apareamiento aleatorio, de acuerdo al
principio Hardy-Weinberg (HW) y de acuerdo a prue-
bas de bondad de ajuste. Sin embargo, las pruebas de
bondad de ajuste tienen poca potencia para detectar las
fallas del principio HW o sus suposiciones. Y estas prue-
bas son contradichas por evidencia significativa de he-
terogeneidad de frecuencias de alelos tanto entre estaciones
para un mismo afio, como dentro del total de las mues-
tras. El estadistico Wright F ;. que es una medida rela-
tiva de varianza de frecuencia de alelos entre estaciones
con rango de 0.005 a 0.020, indico poca diferenciaciéon
asi como alto flujo genético entre las estaciones. Sin em-
bargo, la varianza total absoluta de la frecuencia de los
alelos entre las estaciones es el doble de la varianza de
muestreo binomial para una sola poblacién con
apareamiento aleatorio. Aun mas, la prueba de contin-
gencia Ji-cuadrada de homogeneidad de frecuencia de
alelos entre estaciones es altamente significativa en todos
los loci para cada uno de los 4 arios. Estos resultados fal-
san la hipdtesis que el stock central es una poblacion con
apareamiento aleatorio.

Varios indicios sugieren que la heterogeneidad genética
del stock central carece de un patrdén geografico o que
es “cadtica”, sin mostrar indicios de unidades en estado
de panmixia separadas espacialmente. Los Joci que con-
tribuyen a la heterogeneidad difieren de afio a afio. La
correlacion entre las frecuencias de los alelos con la la-
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titud (transectos de CALCOFI) o la distancia hacia mar
adentro son bajas o nulas. La autocorrelacién espacial de
frecuencias de alelos es baja entre las submuestras de edad
dentro de las estaciones y declina a niveles no significa-
tivos en un rango de 100 km. Las correlaciones entre los
genotipos en loci distintos, que pueden ser diferentes de
cero en mezclas de poblaciones diferenciadas genética-
mente, no son estadisticamente diferentes de cero. Por
ultimo, un analisis de agrupamiento de distancias genéti-
cas entre las 32 estaciones agrega muestras de afos dife-
rentes y latitudes distantes en niveles de similitud altos.

La variaciéon de frecuencias de alelos estd correla-
cionada significativamente con la variacion morfométrica,
mas no con medidas de condicién o estados reproduc-
tivos, lo que sugiere que la heterogeneidad genética
observada estd asociada con variaciéon morfoldgica im-
portante, quizd hereditaria, dentro del stock central. La
varianza genética y morfométrica podrian estar gene-
radas por los procesos que gobiernan el éxito reproduc-
tivo, la sobrevivencia de larvas v el reclutamiento inicial
al “primer” cardiumen. El ¢como se conserva esta vari-
anza en los estadios adultos es motivo de especulacién,
mas esta varianza permite que la seleccién natural actae
entre grupos asi como entre individuos.

INTRODUCTION

In trying to identify and measure the causes of
fluctuations in the abundance and distribution of a species
of fish, it is essential that the number and identity of
subpopulations, if any, within the species be established,
since each subpopulation may have its own character-
istic distribution, fecundity, natural mortality rate, growth
rate, etc. This statement is axiomatic in the field of fish-
eries biology; and yet, there is some misunderstanding
arising in part from semantic difficulties and in part from
the lack of agreed definitions of problems. (Marr 1957)

On the basis of meristic and morphometric data and
frequencies of electrophoretically detectable allelic forms
of the serum protein transferrin (McHugh 1951;
Vrooman et al. 1981), the northern anchovy Engraulis
mordax Girard is considered to comprise a northern sub-
population spawning primarily in summer in the
Columbia River plume, a central subpopulation spawn-
ing primarily in winter and spring in the Southern
California Bight, and a southern subpopulation spawn-
ing off of Punta Eugenia and in Magdalena Bay, Baja
California Sur, Mexico. The central subpopulation ranges
from just north of San Francisco Bay (38°N) to Punta
Baja (29°N) in northern Baja California (MacCall et al.
1983); it overlaps geographically but not temporally with
the northern subpopulation in north central California
(Vrooman et al. 1981) and perhaps likewise with the
southern subpopulation in northern Baja California.
Anchovies belonging to the southern subpopulation are
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morphologically distinguished from those in the cen-
tral subpopulation by their smaller maximum sizes, longer
heads, and larger eyes (Mais 1974; Vrooman et al. 1981;
Parrish et al. 1985).

The central subpopulation of the northern anchovy
has been regarded as both a stock, or unit of fishery man-
agement (MacCall et al. 1983), and a population of in-
dividuals that interbreed more or less at random with
each other, and not at all or only infrequently with indi-
viduals from the other two subpopulations (Vrooman et
al. 1981). Tagging studies show that adult anchovies can
certainly traverse the range of the central subpopula-
tion (Haugen et al. 1969). Frequencies of transferrin
electrophoretic alleles are statistically homogeneous among
samples from the central subpopulation, and proportions
of transferrin phenotypes in the total subpopulation con-
form to those expected under random mating, accord-
ing to the Hardy-Weinberg principle (Vrooman et al.
1981). Whether this is sufficient evidence that the cen-
tral stock of northern anchovy is indeed a randomly
mating population is an important practical and funda-
mental question.

On the practical side, assumption of random mating
justifies application of the egg production method for
estimating northern anchovy spawning biomass (Lasker
1985). In its most basic form the egg production method
assumes that there is one true sex ratio, one true frac-
tion of spawning females, and one true batch fecundity
in the central stock. In practice, modifications of the
basic method are necessary to account for regional vari-
ation in life-history characteristics and the catchability
and vulnerability of spawning adults (Picquelle and
Stauffer 1985; Smith and Hewitt 1985) and interannual
variation in batch fecundity (Hunter et al. 1985). The
demography of natural populations, however, is a com-
plex summation of underlying, genetically heteroge-
neous, individual life histories (e.g., Brooks et al. 1994),
so that finer-scale spatial and temporal heterogeneity
within the central subpopulation might be confounded
in estimates of spawning biomass. In a companion paper
we demonstrate a surprising degree of spatial and inter-
annual variation in the morphology and life history of
northern anchovy within the central subpopulation
(Nelson et al. 1994). In this paper, we present evidence
that genetic heterogeneity among individual northern
anchovies in the central stock is greater than that ex-
pected within a randomly mating population.

Previously, we reported significant heterogeneity of
allelic frequencies among samples collected from within
the range of the central subpopulation by the winter
1982 CalCOFI spawning biomass cruise (Hedgecock et
al. 1989). Here we present comparable allozyme data for
anchovies collected in four subsequent cruises. Samples
collected in 1984 and 1985 were larger and were ana-
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lyzed not just for genetic variation but for variation in
morphometric and life-history traits as well. A prelim-
inary analysis of a portion of the 1985 data was made by
Hedgecock (1991), but we now present a complete analy-
sis of correlation of morphometric, life history, and en-
vironmental variation with allozyme variation.

MATERIALS AND METHODS

Samples

Samples were collected at a total of 32 midwater trawl
stations in December 1982, and early 1983, 1984, and
1985, by CalCOFI survey cruises 8212, 8302, 8403, and
8502 of the NOAA Southwest Fisheries Center, La Jolla,
California. Localities, sample details, and alphabetic
symbols for the 1984 and 1985 stations are given in
figure 1A and table 1 of Nelson et al. (1994); compara-
ble information for the 1982 and 1983 stations is given
in table 1. With exceptions noted in these tables, sam-
ple sizes per station were 48 in the first two years and
120 in the last two years. Altogether 2,628 individuals
were studied. Whole fish were frozen individually aboard
ship at —70°C and then shipped in plastic bags by air
to the Bodega Marine Laboratory, where they were held
at —70°C until dissection.

Measurements

Specimens were partially thawed a few at a time and
held on ice until measured and dissected. For the 1982
and 1983 samples, standard length (from snout to end
of hypurals) was measured to the nearest mm with a
mounted rule; more extensive morphological measure-
ments were made on the 1984 and 1985 specimens, as
described by Nelson et al. (1994). We dissected out tis-
sues for electrophoresis, and otoliths for aging, and
recorded the sex of each fish. Methods for determining
ages from otolith followed those of Collins and Spratt
(1969), as described by Hedgecock et al. (1989) and
Nelson et al. (1994).

Allozyme Electrophoresis

Electrophoretic methods were described by Hedgecock
et al. (1989). Eye, heart, liver, and skeletal (epaxial) mus-
cle tissues were dissected from specimens, kept chilled
during dissection, then stored at —70°C for no more
than several days before electrophoresis. Tissue samples
were thawed the day before electrophoresis, homoge-
nized on ice in equal volumes of 0.5 M Tris-HCI, pH
7.1 buffer, and refrozen at —70°C overnight. Electro-
phoretic protocols for the ten polymorphic loci used for
this study—FEst-5 (esterase), Fum (fumarate hydratase),
Gpi (glucose-6-phosphate isomerase), Hbdh-1 (3-hydroxy-
butyrate dehydrogenase), Idh-1 (isocitrate dehydroge-
nase), Ldh-1 (lactate dehydrogenase), Lt-1 (leucyl-tyrosine

dipeptidase), Lgg (leucyl-glycyl-glycine tripeptidase),
6pgdh (6-phosphogluconate dehydrogenase), and Pgm
(phosphoglucomutase)—are given in table 1 of Hedgecock
et al. 1989. Two loci were dropped from this study:
Hbdh-2 because of the electrophoretic artifacts described
previously (Hedgecock et al. 1989) and Xdh because of
difficulty in scoring its closely migrating allozymes. All
gels were scored independently by D. Hedgecock and
G. Li or E. Hutchinson, and discrepancies resolved by
joint re-examination and consensus.

Analysis

Individual genotypes were coded as paired alphabet-
ical characters and analyzed with the BIOSYS-1 program
(Swofford and Selander 1981; release 1.7 for the PC,
Swofford 1989), to yield estimates of allelic frequen-
cies, tests of Hardy-Weinberg (HW) equilibrium geno-
typic proportions, Wright’s (1978) F-statistics, and Nei’s
(1972) minimum genetic distance in pairwise compar-
isons among all 32 stations. Fit to HW-expected pro-
portions was tested by an exact probability method, after
pooling of alleles into common and rare categories.
Because most polymorphisms comprised two major alleles
(see appendix tables A-D), there appears to be little
loss of information by pooling. Comparable results were
obtained by chi-square goodness-of-fit tests—with
Levene’s (1949) correction for small sample sizes—for
loci with an expected number of at least 1.0 in each
genotypic class. Log-likelihood analyses of allelic fre-
quencies cross-classified by sex and age within locality
(Fienberg 1980) were used to evaluate the homogeneity
of station samples. The significance of contingency chi-
square tests of locality X allele-frequency independence
was evaluated for each locus by the pseudo-probability
method and algorithm of Zaykin and Pudovkin (1993).
We used minimum genetic distance and the unweighted
pair-group method for cluster analysis of all stations.

We analyzed a subset of the 1985 samples, the six sta-
tions considered by Hedgecock (1991)—i.e,, H, [, K, L,
O, P in table 1 in Nelson et al. 1994—for evidence of
population mixture. Using the methods and computer
program PANMIX described by Waples and Smouse
(1990), we calculated genotypic correlations (gametic
phase disequilibria) for all pairwise combinations of
loci studied in these samples and tested the null hypothesis
that all interlocus correlations were zero. This was done
both for individual and pooled stations, after collapsing
all loci to two-allele cases.

Because morphometric measurements varied among
ages, both within and among stations, Nelson et al. (1994)
treated age classes within stations as independent sub-
samples of the 1984 and 1985 midwater trawl collec-
tions. For analysis of the 1984 and 1985 genetic data,
we likewise selected 31 subsamples having more than 24
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TABLE 1
Collection Localities and Samples of Northern Anchovy

Coll. CalCOFI Age (N>12) Standard length (cm) Percent
no. Date Line; Station range N Mean SD female*
A. 1982 cruise 8212
4520 12/14 56.2; 50.0 0 19 8.31 1.65 54.5
1 25 10.69 2.00 52.4
0-2 48 9.73 2.16 51.4
4518 12/12 61.7; 52.0 0 14 8.09 0.91 54.5
1 30 8.67 0.67 55.2
0-3 48 8.61 0.91 51.2
4515 12/11 65.0; 50.5 1 36 8.43 0.78 371
0-3 48 8.28 0.99 38.1
4522 12/15 73.8; 49.8 0 32 9.65 0.61 41.4
0-2 48 10.41 1.40 50.0
4523 12/15 74.4; 49.3 0 20 9.74 0.92 73.3
1 20 10.06 0.86 50.0
0-3 48 9.91 0.95 58.6
4524 12/15 74.8; 49.0 0 16 10.26 0.79 25.0
1 26 10.13 0.57 46.2
0-2 48 10.28 0.76 417
4510 12/05 75.0; 49.0 1 28 11.97 0.99 64.3
2 13 12.58 0.66 76.9
0-3 48 11.93 1.12 68.8
B. 1983 cruise 8302
4532 02/06 75.0; 49.0 0 41 8.95 0.71 46.2
1 22 10.08 1.04 57.1
0-3 72 9.67 1.36 50.7
4538 02/10 80.0; 53.0 1 18 10.81 '0.82 333
2 14 12.22 0.75 50.0
0—4 48 11.23 1.1 37.5
4546 02/16 85.0; 51.0 0 22 9.90 0.47 71.4
1 13 10.12 0.75 69.2
0-3 48 10.36 0.96 69.8
4573 03/17 94.1; 34.0 8] 24 9.00 0.42 70.8
1 24 9.30 0.45 91.7
0-1 48 9.15 0.46 87.0
4576 03/18 95.8; 38.0 0 15 9.93 0.41 26.6
1 31 10.18 0.60 61.3
0-2 48 10.15 0.68 52.1
4582 03/22 100.0; 36.0 0 13 10.02 0.45 69.2
1 24 10.50 0.66 78.3
0-3 48 10.71 0.95 745
4584 03/24 101.7; 34.0 0 40 9.10 0.53 55.0
02 48 9.16 0.53 56.2
4586 03/28 105.0; 34.0 QO 15 9.38 0.48 26.7
1 33 9.30 0.57 36.4
0-1 48 9.32 0.54 333
4590 03/30 110.0; 35.0 0 27 9.27 0.57 29.6
1 18 9.92 0.72 389
0-2 48 9.64 0.82 333

*Percent female is 100 times the number of females divided by the total number of fish with identifiable sex. Sex could not be determined for 27.0%, 10.4%,
12.5%, 8.3%, 39.6%, 0%, and 0% of fish collected in seven 8212 stations, respectively. Sex was indeterminate for only 1% of fish collected on cruise 8302.

individuals each. Subsamples were similarly selected from
the 1982 and 1983 collections, although smaller sample
sizes per station required a less stringent criterion: 25
subsamples with 11 or fewer fish (weighted mean = 4.6)
were omitted, and 29 subsamples with 13 or more fish
(weighted mean = 23.1) were retained.

The BMDP multivariate statistical software package
(Dixon et al. 1988) was employed for additional analy-
ses. Principal components analysis (PCA) was done
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without rotation on arcsine-square root transformed fre-
quencies of the most common allele at each locus, for
both stations and subsamples. Allele-frequency data for
the 1982 and 1983 cruises were combined and analyzed
separately from data for the 1984 and 1985 cruises, which
had larger mean sample sizes and accompanying mor-
phometric data. Correlations of genetic PCA factors
with CalCOFI line coordinates, age, mean standard
lengths, and—for the 1984 and 1985 samples—mean
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measures of size, condition, gonadosomatic index, and
five morphometric PCA factors were also obtained from
BMDP (Nelson et al. 1994). We used autocorrelation
(Rossi et al. 1992) of genetic factor scores (GlI) for paired
1985 subsamples classified into distance categories to
examine the spatial scale of genetic heterogeneity and
to compare it with the spatial scales of variation in mor-
phometric and life-history traits (Nelson et al. 1994).

RESULTS

Goodness-of-fit to Hardy-Weinberg
Genotypic Proportions

Goodness-offit between observed numbers of geno-
types at each of ten polymorphic allozyme loci and those
expected under the Hardy-Weinberg principle for ran-

domly mating populations was tested for each station

sampled in each of the four surveys. Of the grand total
of 313 exact probability tests, only 9 showed discrepan-
cies significant at a nominal 5% significance level, fewer
than the 16 expected by chance alone. The 9 significant
tests, indicated by superscripts in the F;; column of table
2, are spread over six loci, with Est-5, Hbdh-1, and Ldh-
1 accounting for two each and Fum, Idh-1, and Lgg, one
each. Likewise, the 9 discrepancies are distributed across
seven stations. Adjusting levels of significance for simul-
taneous testing of the hypothesis of random mating at
ten loci per station (Cooper 1968; Rice 1989) leaves
only one test significant at the 5% level (Lgg in 1984,
station 4660). Agreement of observed and expected geno-
typic proportions is also evident for pooled data from
each cruise. Means for Wright’s (1978) F statistic, which
can be interpreted as a measure of average departure from
random mating, fluctuate closely around zero, indicating
no departure (table 2), and no significant departures from
HW genotypic proportions were detected by exact prob-
ability tests for each locus in pooled cruise data.

Heterogeneity among Sexes and Age Classes
within Stations

Loglinear models were fit to allele-frequency data
tabulated by sex and age class for each of the 32 sta-
tions to determine whether these three factors were in-
dependent. Each of eight possible loglinear models
(Fienberg 1980) were fit to the 190, frequency X age
X sex, 3-way tables. Sex was found to be independent
of age in 17 of 32 station samples but was significantly
dependent on age in the remaining 15 stations; females
were on average older than males at 11 stations. Allelic
frequency was independent of sex and age, whether or
not there was interaction of sex and age, in 174 (91.6%)
of the 3-way tables.

In 16 cases, loglinear models involving interactions of
allelic frequency with age or sex or both provided the

best fits to the cross-classified data. Over all samples, de-
pendence of frequency on age, and dependence of fre-
quency on sex were each found in 9 stations. Because a
model of frequency independent of age but conditional
on sex fit data for two loci in one station (Fum and Pgm
in station L, 1985), three subsamples for this station were
considered in further analyses of allelic frequencies and
morphometrics: age O females, age 1 females, and age
0 males. Interactions of allelic frequency with sex or age
were spread over eight of the ten allozyme loci, led by
Pgm with six; followed by Est-5, Fum, and Ldh-1 with
three each; Hbdh-1 and Lt-1 with two each, and Idh-1
and Lgg with one each.

Heterogeneity among Stations

Allelic frequencies for 10 loci in each of 32 stations
are given in appendix tables A-D. Heterogeneity of al-
lelic frequencies among stations within years is measured
by Wright’s (1978) Fg.-statistic, which standardizes the
variance of allelic frequencies among samples against the
maximum variance that would obtain if localities were
fixed for alternate alleles in proportion to the mean al-
lelic frequency for the total population. The Fg-values
given in table 2 suggest that, relative to this maximum
variance, genetic variance among stations ranges from
less than 1% in 1984 and 1985 to 2.0% in December
1982. Combining all stations from the four cruises into
a hierarchical analysis of genetic diversity, we find that
standardized variance among stations within cruises, F,
is equal to variance among stations within the total, Fg-
= 0.006, and that variance among cruises, Fps s zero.

Nevertheless, divergence of allelic frequencies among
stations is highly significant for each of the four popu-
lation surveys, as shown by the summed chi-square tests
of heterogeneity (table 2). In each of the four surveys,
four of ten loci yield significant heterogeneity chi-square
values; but which loci are heterogeneous varies from year
to year, resulting in a distribution of significant chi-square
values over loci as follows: Est-5, 4; Fum, 1; Gpi, 3;
Hbdh-1, 3; Idh-1, 0; Ldh-1, 1; Lt-1, 1; Lgg, 2; 6pgdh, 1;
Pgm, 0. Eight of the ten loci are significantly heteroge-
neous in at least one survey, and only two loci are ho-
mogeneous in all four surveys.

There is no correspondence of loci showing depar-
tures from Hardy-Weinberg genotypic proportions and
loci showing heterogeneous allelic frequencies among
localities; four loci with significant departures from ran-
dom mating within stations show heterogeneity of allelic
frequencies among stations, but five other loci with de-
partures show no such heterogeneity (table 2). Likewise,
loci showing interactions of allelic frequency with sex
or age within station are not those showing spatial het-
erogeneity in the 1982, 1983, and 1984 surveys, although
three of four loci showing spatial heterogeneity in the
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TABLE 2
F-Statistics and Contingency Chi-Square Analyses for Northern Anchovy Samples from Four NMFS Cruises
No. of Heterogeneity among samples
Locus F Fr Fgr alleles Chi-square d.f. pb
A. December 1982 (8212); 7 samples
Est-5 0.0731% 0.137 0.069 6 98.996 30 0.000*
Fum 0.000 0.014 0.014 3 18.116 12 0.092
Gpi 0.014 0.023 0.010 5 38.207 24 0.032%
Hbdh-1 0.094 0.102 0.009 5 39.860 24 0.019*
Idh-1 0.033 0.056 0.024 6 31.466 30 0.347
Ldh-1 —0.015 —0.008 0.007 2 4.772 6 0.573
Lt-1 0.152 0.155 0.004 5 20.584 24 0.808
Lgg —0.065 —0.042 0.022 4 37.881 18 0.001*
6pgdh 0.020 0.031 0.011 3 14.656 12 0.251
Pgm -0.057 —0.040 0.016 4 21.577 18 0.226
Mean —0.006 0.014 0.020 Sum 326.115 198 0.000*
B. February—March 1983 (8302); 9 samples
Est-5 0.020 0.074 0.055 5 72.176 28 0.000*
Fum 0.012 0.025 0.013 3 16.851 16 0.330
Gpi —0.062 —=0.035 0.025 4 43.254 21 0.009*
Hbdh-1 0.014 0.027 0.012 6 63.069 40 0.009*
Idh-1 —0.008 0.025 0.033 4 20.219 24 0.471
Ldh-1 0.0161* 0.022 0.005 2 4.961 8 0.762
Le-1 —0.069 —0.059 0.009 5 37.256 32 0.222
Log 0.028 0.037 0.009 4 34.811 24 0.075
6pedh 0.060 0.075 0.016 4 42.710 24 0.010*
Pam 0.078 0.087 0.010 5 31.567 32 0.471
Mean 0.020 0.035 0.015 Sum 367.858 256 0.000*
C. February—-March 1984 (8403); 7 samples
Est-5 0.074 0.090 0.017 6 55.042 30 0.008*
Fum —0.0491* —0.047 0.002 4 18.615 18 0.398
Gpi —0.016 —0.011 0.005 5 46.207 24 0.006*
Hbdh-1 0.063 0.067 0.004 7 32.952 36 0.596
Idh-1 0.0071* 0.010 0.003 6 31.898 30 0.316
Ldh-1 —0.072 —0.051 0.020 3 26.896 12 0.003*
Lt-1 —0.031 —0.019 0.011 7 78.057 36 0.000*
Loy —0.034 1+ —0.028 0.006 4 23.470 18 0.164
6pgdh —0.003 0.001 0.004 5 19.636 24 0.753
Pom —0.014 —=0.002 0.012 4 25.556 18 0.094
Mean —0.024 —0.015 0.008 Sum 358.330 246 0.000*
D. January—March 1985 (8502); 9 samples
Est-5 0.0341% 0.041 0.007 7 68.397 48 0.023*
Fum 0.062 0.068 0.007 6 55.591 40 0.025*
Gpi —0.034 —0.031 0.003 5 34.171 32 0.344
Hbdl-1 0.0622* 0.068 0.007 7 64.558 48 0.030*
Idh-1 —0.012 —0.008 0.003 5 34.233 32 0.326
Ldh-1 —0.0221% 0.024 0.002 4 18.612 24 0.892
Le-1 —0.036 —=0.033 0.003 6 35.073 40 0.726
Log 0.012 0.017 0.005 6 53.513 40 0.047*
Gpodh 0.021 0.025 0.004 6 47.741 40 0.150
Pom —0.050 —0.043 0.006 6 43.660 40 0.298
Mean 0.014 0.019 0.005 Sum 455.548 384 0.007*

*Superscripts with asterisks in the F;¢ column indicate number of significant deviations from random-mating genotypic proportions.

bAsterisks in P column indicate significant among-sample heterogeneity x> values.

1985 survey—Est-5, Fum, and Hbdh-1—show inter-
actions with sex or age for stations I, L, and O. Finally,
six 1985 stations that differed substantially in mean stan-
dard length and allelic frequencies (Hedgecock 1991)
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were tested for evidence of population mixture. Geno-
typic correlations between pairs of loci (gametic phase
disequilibria), either for individual-station or pooled-
station data, were not significantly different than zero.
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Principal Components Analysis (PCA) of
Allelic Frequencies

Using frequencies of the most common alleles at ten
allozyme loci, we performed two PCAs of data from the
1982 and 1983 surveys—one for the 16 stations and
the other for 29 age-class subsamples. The station data
yielded four factors with eigenvalues greater than 1.0,
accounting cumulatively for 69.5% of total variance in
allelic frequencies. The subsample data yielded five fac-
tors with eigenvalues greater 1.0, accounting cumula-
tively for 74.1% of total variance. The patterns of
contributions by individual loci to factors were quite dif-
ferent for the two analyses. Factor 2 for the station data
{accounting for 18.5% of total variance) resembled fac-
tor 1 for the subsample data (accounting for 21.1% of
total variance) in having high positive loadings by Pgm
(=0.7) and high negative loadings by Idh-1 (=—0.6); how-
ever, the latter was also positively loaded by Gpi and
Hbdh-1 (both >0.6), whereas the former was positively
loaded not by these loci but by Fum (0.69). The third
factor extracted in the subsample PCA, which accounted
for 14.1% of total variance and later yielded correlation
with age (see below), was loaded positively by Fum (0.83)
and negatively by épgdh (—0.51).

A comparable PCA for the 31 age-class subsamples
selected from the 1984 and 1985 collections yielded four
factors with eigenvalues greater than 1.0, accounting cu-
mulatively for 67.3% of total variance in allelic fre-
quencies. Factor 1, which accounted for 23.9% of total
variance, was loaded positively (>0.7) by Idh-1 and
Hbdh-1 and negatively by Gpi (—0.7). Factor 2, which
accounted for 20.3% of variance, was loaded positively
but weakly (=0.5) by Lgg, Fum, and Est-5 and negatively
by 6pgdh (—0.65) and Lt-1 (—0.56).

Correlation of Genetic, Morphometric, and
Environmental Factors

For the 1982 and 1983 data, genetic factor scores
could be correlated with CalCOFI line coordinate, mean
standard length, and—for subsamples—age (table 3). For
the station data, only one of eight correlations, that be-
tween GII factor scores and CalCOFI line, was signifi-
cant (r = 0.814, 14 d.f., p < 0.01). For the subsample
data, two of 15 correlations were significant—GI factor
scores vs CalCOFI line (r = 0.457, 27 d.f., p < 0.05)
and GIII factor scores vs age (r = —0.478, 27 d.f.,, p <
0.01). Mean standard length and age were not correlated
with CalCOFI line, but age was positively correlated
with mean standard length (r = 0.638, 27 d.f., p < 0.01),
as expected (table 3).

For the 1984 and 1985 data, subsample scores for four
genetic factors were correlated with subsample means
for a total of 15 morphometric, life-history, -and envi-

TABLE 3
Correlations of Genetic Factors with CalCOFI Line,
Age, and Mean Standard Length for 1982 and 1983
Northern Anchovy Samples

Stations Subsamples

Line Length Line Age Length
Line 1.000 1.000
Age — — —0.131 1.000
Length 0.047 1.000 0.024 0.638* 1.000
GI 0.131  —0.397 0.457* —0.113  —0.068
Gl 0.814* 0.065 —=0.074 —0.057 —0.317
GIII 0.036 0.065 0.347 —0.478* —0.221
GIV 0.384 0.167 —0.035 —0.113 0.036
GV — — —0.049 —0.142  —0.046

Stations and subsamples (within-station age classes having 13 or more fish)
are listed in table 1. Line is the CalCOFI coordinate for the station; length
is the mean standard length for station or subsample; and age is the otolith
age class. GI through GV represent principal components of allelic frequencies
at ten allozyme loct; only four genetic factors were extracted from station data.
*Correlations exceeding critical values for significance at the 5% level.

ronmental variables: five morphometric factors (charac-
terized as body depth, jaw length, anal-fin-base length,
body depth, and orbit/preorbit length); a consensus mea-
sure of size; condition factor; gonadosomatic index (GSI);
the coefficient from the regression of gonadosomatic
index on In(somatic wet weight) or GSI slope; distance
of station from shore; CalCOFI line coordinate of sta-
tion; year of capture; sea-surface temperature at capture;
depth of bottom at station; and year class or estimated
year of birth (see Nelson et al. 1994 for details). No cor-
relation was observed among any of the genetic factors
and condition, GSI, GSI slope, distance offshore,
CalCOFI line, year of capture, sea-surface temperature,
or year class. Single correlations between a genetic fac-
tor and each of the seven remaining variables—the five
morphometric factors plus size and depth of bottom—
exceed the critical significance value of 0.355 for o, 5
and 29 d.f. (table 4). The observation that 7 of 60 cor-
relations are significant at the a, (5 level differs signifi-
cantly from the expectation that 3 correlations might be
significant by chance (x* = 5.614, 1 d.f., p = 0.018);
one correlation significant at the a, 4, level—0.456—
is not different from the 0.6 expected by chance.

Spatial Pattern

Autocorrelation of 1984 and 1985 subsample scores
for factor GII declines with distance, from a within-
station r of 0.452 (N=16), significant only at the o, 5
level for a one-tailed test, to nonsignificant r values of
0.140 (N=61), —0.153 (N=103), 0.100 (IN=133), and
—0.078 (N=120) for distances of up to 100, 200, 300,
and >300 km, respectively. This spatial pattern resem-

" bles that found for the morphometric factors body length,

jaw length, and anal-fin-base length (Nelson et al. 1994).
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TABLE 4
Correlations of Genetic Factors with Morphometric Factors and an Environmental Variable for 1984 and 1985 Northern
Anchovy Samples

Anal-fin- Orbit/preorbit
Body length Jaw length base length Body depth length Depth of
(MI) (MII) (MIID) (MIV) (MV) Size bottom
Gl 0.023 0.091 —0.080 0.193 —0.124 0.438* 0.170
Gl —0.471* 0.409* 0.121 —0.363* —0.010 —0.224 —0.424*
GlII —=0.024 0.289 —0.069 —0.095 0.379* —0.130 —=0.056
GIV —0.102 .138 —0.399* —=0.079 0.266 —0.129 0.002

Morphometric factors are described by Nelson et al. (1994). MI through MV are mean subsample scores for principal components of variation for 11 mor-
phometric traits; size is a consensus measure based on these 11 traits. Depth of bottom is at station. GI through GIV represent genetic factor scores for 32 sub-

samples described by Nelson et al. (1994).
*Correlations exceeding the critical value for significance at the 5% level.

DISCUSSION

Is the Central Stock a Randomly
Mating Population?

The central stock of the northern anchovy Engraulis
mordax is commonly assumed, implicitly if not explic-
itly, to be a randomly mating population. This assump-
tion 1s based primarily on long-term spatial and temporal
distribution of eggs and larvae in CalCOFI samples
(Kramer and Ahlstrom 1968; Hewitt 1980), recaptures
of tagged adult fish (Haugen et al. 1969), meristic and
morphometric studies (McHugh 1951; Vrooman et al.
1981), and agreement of transferrin genotypic frequen-
cies with proportions expected on the basis of random
mating and the Hardy-Weinberg (HW) principle
(Vrooman et al. 1981). However, chi-square goodness-
of-fit or exact probability tests of genotypic data have
very low power to detect failure of the HW null hy-
pothesis (Lewontin and Cockerham 1959; see review by
Lessios 1992). In view of the potential significance of
subpopulations for fishery biology and management so
succinetly stated by Marr (1957), it may be important
to question whether the assumption of random mating
within the geographically defined central stock of north-
ern anchovy has been sufficiently tested.

In our study of allozyme variation in 2,628 north-
ern anchovies sampled at 32 stations within the range of
the central stock, we too have found statistical agree-
ment between observed distributions of genotypes at ten
polymorphic loci and those expected according to the
HW principle. Only 9 of 313 tests of agreement within
stations showed discrepancies significant at a nominal
Q5 level; once significance is adjusted for simultane-
ous multiple testing of the hypothesis (Cooper 1968;
Rice 1989), only one of these departures remains sig-
nificant, which is expected by chance. Even after pool-
ing data for all stations within each of the four survey
cruises, we find no significant departures from HW geno-
typic proportions at any locus and no significant devia-
tion of the mean fixation index from zero. Thus testing
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of HW genotypic proportions, either within or over all
stations, offers no evidence against the assumption that
the central stock of northern anchovy is a randomly mat-
ing population. Neither, however, does agreement with
HW genotypic proportions prove the assumption true.
Having failed to reject the null hypothesis of ran-
dom mating, we next examine evidence for heterogeneity
of allelic frequencies among stations. The measure of
population differentiation most often employed by pop-
ulation geneticists, Wrights F ¢ statistic, ranges in this
study from 0.005 to 0.020 over four survey cruises and
was 0.032 in our previous analysis of data from an early
1982 cruise (Hedgecock et al. 1989). Such low values
are typical for marine fishes (Gyllensten 1985), includ-
ing the southern African anchovy, Engraulis capensis, for
which mean F¢ - was found to be 0.0015 (Grant 1985),
and are generally regarded as indicative of only slight dif-
ferentiation and relatively high rates of gene flow among
localities. “Differentiation is, however, by no means neg-
ligible if F is as small as 0.05 or less” (Wright 1978).
In this case, the absolute variance of allelic frequen-
cies among population samples, especially in compari-
son to the variance of sampling from a randomly mating
population, is more informative than F,.itself, which
is among-population variance relative to its maximum
value at complete fixation. For all ten loci and 32 sta-
tions sampled in this study, the expected binomial sam-
pling variance of allelic frequencies is 0.00177. Absolute
variance in allelic frequency among stations, which is
obtained by subtracting the binomial sampling variance
from total observed variance among stations, is 0.00131.
Thus the total variance of allelic frequencies that we have
measured among samples from the central stock is about
twice what should have been observed were we sam-
pling from a randomly mating population. That ge-
netic differentiation among samples from this stock 1s
not negligible is further demonstrated by chi-square tests
of allele-frequency heterogeneity across all ten loci, in
each of the four surveys (table 2). These tests consistently
reveal highly significant heterogeneity of allozyme fre-
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quencies, which is incompatible with the hypothesis that
samples were drawn from a randomly mating population.

Our samples were drawn from a single, readily iden-
tified stock of northern anchovies living in a prescribed
area of the California Current. If this stock is not a
randomly mating population, then how should it be
described? At the risk of becoming entangled in the
“semantic difficulties” and “lack of agreed definitions”
referred to by Marr (1957), we offer the following de-
scription. The central stock of northern anchovy is a geo-
graphic subpopulation which itself comprises a hierarchy
of population units, the lowest ones in the hierarchy
being the panmictic units within which mating is at ran-
dom. Whether it is possible to partition this subpopu-
lation into its individual panmictic units or to determine
the causes of genetic heterogeneity within the central
stock remain important questions.

Chaotic Spatial Pattern of Genetic Heterogeneity

Spatial patterning of allelic frequencies might sug-
gest differential spatial distribution of panmictic units
within the central stock. A number of lines of evidence
indicate, however, that genetic heterogeneity within the
central stock of northern anchovy is geographically un-
patterned or “chaotic” (Johnson and Black 1982).

First, the loci contributing to heterogeneity differ
from year to year. Including results previously reported
for the early 1982 survey (Hedgecock et al. 1989), nine
of ten polymorphic loci show significant heterogeneity
of allelic frequencies in at least one of the five surveys
taken, and all ten loci have homogeneous allelic fre-
quencies in at least one survey. Moreover, the contri-
butions of loci to factors extracted by various principal
components analyses differ considerably from analysis to
analysis. Comparing PCA factors for the 1982 and 1983
subsample data to those obtained for the 1984 and 1985
data, we find absolute loadings of loci, or the signs of
the loadings, or both to be completely different. Com-
paring PCAs of stations vs subsamples for the 1982 and
1983 surveys, we find factor GII for stations to resem-
ble factor GI for subsamples, in having positive loading
by Pgm and negati