
UC San Diego
Fish Bulletin

Title
Fish Bulletin 174. The California Halibut, Paralichthys californicus, Resource and Fisheries

Permalink
https://escholarship.org/uc/item/4867s6f4

Author
Haugen, Charles W

Publication Date
1990-01-02

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4867s6f4
https://escholarship.org
http://www.cdlib.org/


STATE OF CALIFORNIA
THE RESOURCES AGENCY

DEPARTMENT OF FISH AND GAME
FISH BULLETIN 174

The California Halibut, Paralichthys californicus, Resource and Fisheries

Edited by
Charles W. Haugen

1990

1



2



3



4



PREFACE
This Fish Bulletin, "The California Halibut, Paralichthys californicus, Resource and Fisheries," is the result of a
3-year process which began with an idea to hold a workshop to update management strategies. It soon became ap-
parent that a diverse and relatively large group of academic, private, and government (state, federal, and local) sci-
entists independently were either already conducting research or interested in developing, from historical databases,
a better understanding of some aspects of the biology of, or fisheries for, California halibut. Because of the breadth
of research and the level of interest, the California Department of Fish and Game developed the concept of holding a
symposium to help fisheries managers better understand the status of current research, to identify areas where addi-
tional research is needed, and to publish this information in one peer-reviewed document. At this point, a committee
of volunteers was formed and we began a timely team effort to plan and develop the symposium. To optimize the
results of the symposium, a general call for papers was made inviting anyone involved with California halibut re-
search to participate. Based upon the response, symposium sessions were established for: 1) Habitat, Distribution,
and Early Life History; 2) Adult Life History; 3) Commercial Fisheries; 4) Recreational Fisheries; and 5) Manage-
ment, Population Dynamics, and Fisheries Interactions. The symposium was held May 23–24, 1989 in San Pedro,
California. It was sponsored by the California Department of Fish and Game, National Marine Fisheries Service,
American Institute of Fishery Research Biologists, and the Cabrillo Marine Museum, whose staff also hosted the
symposium. The symposium attracted approximately 150 people and included 25 papers authored or co-authored by
scientists representing a diverse group of private and public organizations, which included: California State Uni-
versity, Northridge; Centro de Investigación Cientifica y Educación Superior de Ensenada (CISESE); Coastal Re-
search Center, San Rafael; ERC-Environmental and Energy Services Company, Pacific Gas and Electric Diablo
Canyon Laboratory; MBC Applied Environmental Sciences, Costa Mesa; MEC Analytical Sciences, Carlsbad; Min-
erals Management Service; Natural History Museum of Los Angeles County; Scripps Institution of Oceanography,
La Jolla; University of California, Davis—School of Fisheries; University of California, Santa Barbara—Marine
Science Institute; and the VANTUNA Research Group, Occidental College. The symposium was concluded with a
panel discussion designed to gain perspectives from representatives of academia, the commercial and recreational
fishing industries, and fisheries management on, "Where we should go with research and management as it relates to
the California halibut."

After the symposium, we began the somewhat arduous task of extracting final draft papers from a group of con-
tributors, many of whom had made a commitment above and beyond their regular workday requirements, and sub-
mitting these drafts for peer review. We thank the authors for their diligence and acknowledge the reviewers for
their professional reviews and, most gratefully, timely responses.

Reviewers included: Dr. Larry G. Allen; Dr. M. James Allen; Deborah Aseltine; Dr. Kevin Bailey; Philip Beguhl;
Dr. Louis Botsford; Dr. Lawrence Buckley; Dr. Frank Bulow; Dr. Ed DeMartini; Robert Demory; Dr. Rick Deriso;

5



Earl Ebert; Larry Espinosa; Gene Fleming; Terry Forman; Dena Gadomski; Dr. E. W. Gudger; Dr. Don Gunderson;
Dr. M. Gregory Hammann; Dr. Ray Hilborn; Dr. Michael H. Horn; Dr. Larry Jacobson; Dr. Sharon Kramer; Arthur
C. Knutson; Dr. Gordon H. Kubota; Mike Lapointe; Bud Laurent; Dr. William H. Lenarz; Dr. Milton Love; Dr. Alec
McCall; Dr. Dan Margulies; Dr. Gordon A. McFarlane; Dr. Richard Methot; Kenneth Miller; Bruce Mundy; Dr.
Mark Ohman; Dr. Norman Parks; Dr. James Power; Dr. Laura Richards; Donald Schultze; Dr. Barry Smith; Jerome
Spratt; Dr. Robert Stickney; Jack Tagart; Gail Theilacker; Dr. Russell Vetter.

On behalf of the authors, we also thank the Southern California Edison Company for their most generous contri-
bution which made possible a larger press run and wider distribution of this bulletin.

Thanks again to all who participated.
The Halibut Symposium Committee

John Sunada—Coordinator
·Cheryl Avants
·Jim Berkson
·Steve Crooke
·Marty Golden
·Pete Haaker
·Jim Hardwick
·John Hunter
·Rick Klingbeil
·Geoff Moser
·Christine Pattison
·Rhonda Reed
·Marija Vojkovich
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1. The Biological Environment of The California Halibut, Paralichthys cali-
fornicus

M. James Allen
MBC Applied Environmental Sciences

947 Newhall Street
Costa Mesa, CA 92627

1.1. ABSTRACT
The California halibut, Paralichthys californicus, is an important benthic ambusher of shallow nearshore areas and
embayments of California and Baja California. Although it settles to the bottom at a small size, it eventually grows
to become one of the largest nearshore fishes in the area. As it grows it moves from nursery areas in bays, harbors,
and semiprotected coastal areas to sandy bottoms along the open coast. In the course of its life, the California halibut
lives with many other inshore species, including those which are frequently found in the same assemblage. Some of
these may be competitors, predators, or prey whereas others may interact little with halibut. of the potential compet-
itors, those with similar foraging behaviors to California halibut could be most important. Many potential competit-
ors perform a similar role as the California halibut in geographically or bathymetrically adjacent assemblages. Dis-
similar foragers may also feed on the same prey and could have local impacts on the food supply. Key species in the
environment of the California halibut include prey organisms such as mysids and northern anchovy, Engraulis
mordax; potential competitors such as speckled sanddab, Citharichthys stimaeus, and California lizardfish, Synodus
lucioceps; and predators such as thornback, Platyrhinoidis triseriata, and California sea lion, Zalophus californianus.
California halibut is probably replaced ecologically to the north by sand sole, Psettichthys melanostictus, and to the
south by Cortez halibut, Paralichthys aestuarius.

1.2. INTRODUCTION
The California halibut, Paralichthys californicus, is one of the most important flatfishes to recreational and commer-
cial fisheries in nearshore waters of central and southern California (Frey 1971; Squire and Smith 1977; NMFS
1985; MBC 1987a; CDFG 1989). It is one of the largest bony fishes of these waters (Eschmeyer et al. 1983). Al-
though its importance has long been recognized (Jordan 1887; Clark 1930, 1931; Ginsburg 1952; Frey 1971; CDFG
1989), it has not been well studied. Most studies of California halibut have focused on aspects of the life history or
fisheries of this species with little emphasis on its ecological position in the nearshore fish assemblage. However,
because of its use of bays (i.e. estuaries and lagoons) as nursery grounds and the steady
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human encroachment into this habitat, there has been renewed interest in the biology of this species.
This paper will review and summarize information on the biological environment of the California halibut and

will describe its prey, potential competitors, associates, predators, and parasites. Many judgments given here are
based on data presented in my dissertation (i.e. M.J. Allen 1982) and are the result of a careful examination of the
morphology, feeding habits, and distribution of the demersal fishes of the southern California shelf.

1.3. GENERAL DISTRIBUTION AND ECOLOGY
1.3.1. Distribution
The California halibut is found from the Quillayute River, Washington, to Magdalena Bay, Baja California Sur
(Figure 1) (Miller and Lea 1972; Eschmeyer et al. 1983). However, it only occurs occasionally north of Point Arena,
California (C.W. Haugen, California Department of Fish and Game, pers. comm.) and is most common from Morro
Bay south (Fitch and Lavenberg 1971). It is often very abundant in Morro Bay and Mission Bay, California (Fitch
1965). An early reference to an isolated population in the Gulf of California by Norman (1934) was apparently re-
garded as an error by Ginsburg (1952). Similarly recent references (Castro Aguirre et al. 1970; Miller and Lea 1972)
to the presence of the species in the Gulf are also apparently in error (S.H. Kramer and R.H. Rosenblatt, Scripps In-
stitution of Oceanography, pers. comm.). Although the range of the California halibut extends across most of the
Oregonian and San Diegan zoogeographic provinces of Briggs (1974), it is probably best classified as a Monterey-
an-San Diegan species because it is only common in the Montereyan subprovince (central California; Hubbs 1974)
and the San Diegan province (southern California and Baja California).

The California halibut occurs at depths from the shoreline in bay nursery grounds (Kramer and Hunter 1987;
Kramer 1990; MBC 1990) and the surf zone (Kramer and Hunter 1988) to 185 m (Haaker 1975). However, about
98% of its occurrences in otter trawl (7.6-m headrope) surveys in southern California are from depths less than 60 m
(Figure 2; M.J. Allen 1982). Adults are most abundant at depths less than 20 m and occur most frequently at depths
less than 30 m (Frey 1971; Feder et al. 1974; M.J. Allen 1982). Based upon its depth range of common occurrence,
the California halibut is best classified as an Estuarine-Inner Shelf species (using the terminology of M.J. Allen and
Smith 1988).

1.3.2. Life History
California halibut is a broadcast spawner with eggs being fertilized externally. In the lab halibut have been observed
spawning near the water surface (tank bottom depth of 2–3 m), extruding reproductive products (J. Rounds, Natural
History Museum of Los Angeles County, pers. comm.). In nature, spawning is thought to occur on sandy bottoms
over depths of 6–20 m along the coast outside embayments (Haaker 1975). Based on the distribution of halibut lar-
vae, spawning probably occurs from about San Francisco Bay, California, to Magdalena Bay (Ahlstrom and Moser
1975). The spawning season is generally thought to extend from February to August with most spawning occurring
in
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FIGURE 1. Geographic distribution of the California halibut, Paralichthys californicus

9



FIGURE 2. Depth distribution of California halibut, Paralichthys californicus, in southern California based on 342
otter trawl (7.6-m headrope) samples, 1972–73

May (Frey 1971; Feder et al. 1974). However, because settlement can occur as early as December (Kramer and
Hunter 1988), some fall spawning may occur.

Halibut eggs are 0.7–0.8 mm in diameter (Ahlstrom et al. 1984) and are most abundant in the water column close
to shore. Eggs were previously thought to
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be demersal (Haaker 1975), but are now known to be pelagic (L.G. Allen 1988). Halibut larvae hatch at about 2.0
mm and metamorphose (and settle) at 7.5–9.4 mm (Ahlstrom et al. 1984). They metamorphose at about 20–29 d
(L.G. Allen 1988). The larvae are pelagic (Frey 1971), occur most commonly in the water column between the 12
and 45 m isobaths, and are common from March to September (Plummer et al. 1983). They are most abundant
between Santa Barbara, California, and Punta Eugenia, Baja California Sur (latitude 27° 51'N.) (Ahlstrom and
Moser 1975).

Transforming larvae generally settle to the bottom in bays but may also settle in shallow waters of the open coast
(Kramer and Hunter 1987; L.G. Allen 1988; Kramer and Hunter 1988; L.G. Allen et al. 1990; M.J. Allen and Herb-
inson 1990; Kramer 1990). Small juveniles are most abundant in bays (Haaker 1975; Plummer et al. 1983; Kramer
and Hunter 1987; L.G. Allen 1988; Kramer and Hunter 1988; Kramer 1990; MBC 1990). Small juveniles less than
10–15 cm standard length (SL) are generally rare on the outer coast (M.J. Allen 1982; Plummer et al. 1983; Kramer
and Hunter 1987; L.G. Allen 1988; MBC 1990). The occurrence of small halibut along the coast has been noted in
the past in fish stomach analysis studies (Ford 1965). However, successful recruitment was first noted in 1988
(Kramer and Hunter 1988; L.G. Allen et al. 1990; Kramer 1990). Successful recruitment also occurred in semipro-
tected portions of the coast in 1989 (M.J. Allen and Herbinson 1990).

After settling in the bays, the juveniles remain there for about 2 years until they emigrate to the coast. Males ma-
ture at 2–3 years and 20–23 cm SL; females mature at 4–5 years and 38–43 cm SL (Fitch 1965; Fitch and Lavenberg
1971; Haaker 1975). Males emigrate out of the bays when they mature (i.e. at 20 cm) but females migrate out as
subadults at a length of about 25 cm. Subadults remain nearshore at depths of 6–20 m (Clark 1930; Haaker 1975).
California halibut may reach 152 cm and 33 kg (Eschmeyer et al. 1983). Individuals may live as long as 30 years
(Frey 1971).

Juveniles and adults occur on sandy sediments but sometimes concentrate near rocks, algae, or Pacific sand dollar,
Dendraster excentricus, beds (Feder et al. 1974). As with other flatfishes, they frequently lie buried or partially bur-
ied in the sediment. Adults move inshore to spawn during the spring and summer and offshore during the winter
(Ginsburg 1952; Haaker 1975). These movements may also be associated with schools of prey (e.g. schools of Cali-
fornia grunion, Leuresthes tenuis, are abundant near the surf zone during the spring and summer; Feder et al. 1974).
California halibut show little coastwise movement but occasional individuals move as far as 224 km at a rate of 0.42
km/d (Fitch and Lavenberg 1971).

1.3.3. Feeding Habits
1.3.3.1. Functional Morphology
The body plan of the juvenile and adult California halibut is that of an oval flatfish with a large, symmetrical mouth
(i.e. with the same tooth size and development on eyed and blind sides) with relatively large, sharp canine teeth. The
gill rakers are relatively long and serrated. It has relatively small eyes, olfactory rosettes (with 9–10 lamellae), and
cephalic lateralis pores on the snout and mandibles (M.J. Allen 1982).
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The firm body and large caudal fin are associated with good swimming abilities. In addition, large caudal fins in
flatfishes are associated with the ability to make fast starts from the bottom (Webb 1981); fast starts are used in pur-
suing prey (M.J. Allen 1982) or escaping predators. Although the eyes are small, California halibut generally locates
its prey by sight (Haaker 1975; M.J. Allen 1982). The relatively small eyes (for a visual feeder) may be related to
their upward orientation, the relatively bright surface in shallow waters, and a possible need to reduce the amount of
incoming light (M.J. Allen 1982).

California halibut feed during the day and night, but show a preference for daytime feeding (Haaker 1975). The
species is an ambusher and typically lies partially buried in the sand. During foraging it lies in a stationary position,
watching prey with its eyes until the prey comes to within three (halibut) head lengths away (Haaker 1975). It then
darts forward and slightly upward to seize the prey. However, if the lunge is initially unsuccessful, the halibut may
vigorously pursue prey all the way to the surface. Large individuals have been observed to jump clear of the surface
of the water as they make passes at schools of fish (Fitch 1965).

1.3.3.2. Prey
After absorbing their yolk, halibut larvae probably feed on tiny planktonic organisms. However, the diet of larvae
has not been examined.

L.G. Allen (1988) found that just-settled California halibut (0.7–2.0 cm) in Alamitos Bay and Long Beach Harbor
fed primarily on harpacticoid copepods and gammaridean amphipods, with some polychaetes, mysids, and crab me-
galopae also being taken. Somewhat larger halibut (2.0–8.0 cm) ate mysids, gammaridean amphipods, and small
fish.

Haaker (1975) also found that the diet of juvenile California halibut in bays changed as the fish grow, with fish
and crustaceans occurring in the diet of juveniles and fish alone in adults. The smallest juveniles (1.2–5.5 cm SL)
fed on small crustaceans including amphipods (Amphithoe sp., Corophium sp., and Caprella sp.); cumaceans, Oxy-
urostylis sp.; copepods, Calanus sp.; mysids; and gobies (arrow goby, Clevelandia ios; shadow goby, Quietula y-
cauda; longjaw mudsucker, Gillichthys mirabilis) . Halibut in the 5.5–23.0 cm SL size range fed on bay shrimp,
Crangon sp.; ghost shrimp, Callianassa sp.; topsmelt, Atherinops affinis; California killifish, Fundulus parvipinnis;
and gobies. Subadults and adults greater than 23.0 cm SL ate primarily fish, including topsmelt; California killifish;
northern anchovy, Engraulis mordax; and gobies. Other species in the diet of bay-living halibut included ostracods
and acteonid snails.

In the shallow coastal zone (6–30 m) there is also a change in diet with size (Roberts et al. 1981; Plummer et al.
1983). Juveniles (12.4–24.5 cm SL) fed primarily on the mysids, Neomysis kadiakensis and Metamysidopsis elong-
ata, and larval fish (Plummer et al. 1983). Subadults and adults of 24.5–30.0 cm SL fed on northern anchovy and
mysids. Subadults and adults greater than 30.0 cm SL fed primarily on northern anchovy. The largest individuals
(68.9 and 82.0 cm SL) had eaten white croaker, Genyonemus lineatus, and hornyhead turbot, Pleuronichthys ver-
ticalis. Other prey eaten at these depths include juvenile and adult croakers (Sciaenidae) and other mysids
(Alienacanthomysis (= Acanthomysis) macropsis; Holmesimysis (= Acanthomysis) costata; H. (= A. )
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sculpta; Mysidopsis californica; M. intii; Neomysis rayi) ; and northern anchovy larvae (Roberts et al. 1981).
Subadult and adult California halibut (23.0–49.5 cm SL) from a broader depth range (12–60 m) off southern Cali-

fornia fed predominantly on northern anchovy (M.J. Allen 1982). Other prey included mysids (Exacanthomysis (=
Acanthomysis) davisi; Holmesimysis costata; Mysidopsis intii; Neomysis kadiakensis) ; cumaceans, Diastylopsis
tenuis; eusirid amphipods; blackspotted bay shrimp, Crangon nigromaculata; Pacific hake, Merluccius productus;
spotted cusk-eel, Chilara taylori; rockfishes, Sebastes spp.; white croaker, and pink seaperch, Zalembius rosaceus.

Ford (1965) noted that juvenile and adult California halibut (12.4–77.8 cm) in the nearshore zone (4–47 m) ate
barnacles, Balanus sp.; mysids, Metamysidopsis elongata and Neomysis kadiakensis; cumaceans, Diastylopsis
tenuis; isopods; blackspotted bay shrimp; pelagic fishes; speckled sanddab, Citharichthys stigmaeus; and California
tonguefish, Symphurus atricauda.

California halibut near kelp beds fed on northern anchovy, topsmelt, small flatfish, and shrimp (Quast 1968). Frey
(1971) noted that more than half of the disgorgements from 14,000 California halibut taken by trawl off California
were northern anchovy. Other prey included queenfish, Seriphus politus; white croaker; and octopus, Octopus sp.
Other general accounts indicate that California halibut feed on squid; small California halibut; Pacific sardine,
Sardinops sagax; California grunion; jacksmelt, Atherinopsis californiensis; queenfish; California corbina, Menticir-
rhus undulatus; walleye surfperch, Hyperprosopon argenteum; tube-snout, Aulorhynchus flavidus; and kelpfish,
Clinidae sp. (Feder et al. 1974).

In Tomales Bay, California halibut of 65.4–83.8 cm SL had eaten Pacific saury, Cololabis saira; Pacific herring,
Clupea pallasii; sanddabs, Citharichthys spp.; white seaperch, Phanerodon furcatus; and California market squid,
Loligo opalescens (Bane and Bane 1971).

As noted by Haaker (1975), the California halibut is an ambusher. Ambushers expend relatively little energy
searching for prey and rely on prey approaching sufficiently close to be captured (M.J. Allen 1976b). Ambushers
may hence have a high percentage of empty stomachs and a low number of prey species per stomach. California
halibut from a given location generally have a high percentage of empty stomachs. In Anaheim Bay about 28% of
the halibut had empty stomachs during the day and 41% at night (Haaker 1975). In coastal areas 46–64% may have
empty stomachs (M.J. Allen 1982; Plummer et al. 1983). Examination of the stomachs of 40 species of demersal
fishes from southern California indicated that ambushers had the lowest number of prey species per stomach (M.J.
Allen 1982). Halibut along the coast averaged about 3.6 prey items and 1.8 prey species per stomach (M.J. Allen
1982).

In summary, the diet of the California halibut changes from harpacticoid copepods, amphipods, and gobies in
small bay-living juveniles to mysids in coastal subadults. Larger subadults and adults feed primarily on northern an-
chovy, and the largest individuals eat croakers and other larger fishes.

1.4. POSSIBLE COMPETITORS
A number of species could compete for food with California halibut. Competition is the use of a resource by an indi-
vidual (or species) which

13



reduces the availability of that resource to another individual (or species) (Ricklefs 1973). Thus, for competition to
occur, a species would generally have to occur in the same area as the halibut. However, co-occurrence would not be
necessary if the two species fed on mobile prey. For competition to have any impact on either species, food would
have to be limiting. Fish of different species may feed on the same species of prey in a given area without affecting
the behavior of the other species. However, if food is limiting, competition could result in the displacement (spatial,
temporal, dietary, or behavioral) of one or both species. Competition in this sense has not been studied or observed
between California halibut and any other species.

Although competition has not been studied with regard to California halibut, it is nevertheless possible to predict
which species could be potential competitors of California halibut based upon the knowledge of functional morpho-
logy, diet, and foraging behavior of a species (M.J. Allen 1982). Possible competitors of California halibut include
species that forage in a similar manner (i.e. ecological counterparts) and those which forage differently. The term
ecological counterpart is generally applied to species of different phylogenetic origins which occur in different areas
but which have converged phenotypically to perform similar ecological roles (Ricklefs 1973). However, here it will
be applied to species occurring in different communities or in the same community which forage in a similar man-
ner. A group of these species will be called a foraging guild (Root 1967; M.J. Allen 1982).

1.4.1. Ecological Counterparts
Species which forage in a similar way as the California halibut are benthic ambushers (Figure 3). These species have
four basic types of morphology: (i) flatfishes with large symmetrical mouths; (ii) flatfishes with medium-sized sym-
metrical mouths; (iii) large-mouthed elongate roundfishes without swim-bladders; and (iv) depressed (flattened)
sharks.

1.4.1.1. Large-mouthed Flatfishes
The species with the most similar morphologies to that of the California halibut are the flatfishes with large, sym-
metrical mouths. Five species have ranges which overlap with the California halibut. These include Cortez halibut,
Paralichthys aestuarius; fourspot sole, Hippoglossina tetrophthalmus; bigmouth sole, Hippoglossina stomata; arrow-
tooth flounder, Atheresthes stomias; and Greenland halibut, Reinhardtius hippoglossoides. All of these species prob-
ably have similar foraging behaviors.

Based upon its similarity in morphology and bathymetry, the Cortez halibut (Figure 3) is probably the ecological
replacement of California halibut in the nearshore zone (to 44 m) and bays of coastal Baja California south of Mag-
dalena Bay and in the Gulf of California (Ginsburg 1952; Haaker 1975; Thompson and McKibbin 1976). The
fourspot sole occurs over a similar range as the Cortez halibut (i.e. from Magdalena Bay to Tiburon Island, Gulf of
California; Ginsburg 1952; Thompson and McKibbin 1976) but occurs at depths of 38–138 m (Ginsburg 1952).

Both the Greenland halibut and arrowtooth flounder (Figure 3) occur along deeper waters of the shelf, and prob-
ably have little direct contact with the
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FIGURE 3. Important benthic ambushers along the West Coast of the United States and northern Mexico
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California halibut. The arrowtooth flounder occurs from San Simeon, California, north to the western Bering Sea at
18–900 m (M.J. Allen and Smith 1988). The Greenland halibut extends from northern Baja California to the Sea of
Japan in the Pacific at depths of 14–2000 m (M.J. Allen and Smith 1988). However, it is rare south of Alaska and
occurrences of this species within the range of the California halibut are so anomalous as to be unimportant.

Based upon its similar morphology, size-specific diet, and geographic range, bigmouth sole is probably the ecolo-
gical replacement of subadult California halibut in deeper waters of the southern California and Baja California
shelf. The bigmouth sole occurs from Monterey Bay, California, to the Gulf of California (Eschmeyer et al. 1983) at
depths of 10–150 m. The species is most abundant at 50 m (M.J. Allen 1982). The bigmouth sole is a smaller (40 cm
SL maximum), leaner species than the California halibut and has larger eyes (M.J. Allen 1982). It transforms and
settles at a slightly larger size (9–12 mm) (Ahlstrom et al. 1984), with the smallest individuals occurring from
30–140 m (M.J. Allen 1982). The diet of bigmouth sole consists primarily of mysids and gammaridean amphipods
(M.J. Allen 1982). California halibut feed on similar prey as do bigmouth sole of the same size (M.J. Allen 1982;
Plummer et al. 1983). However, the two species are spatially segregated when the same size, with the California
halibut being more abundant at shallower depths (i.e. <20 m) and the bigmouth sole at greater depths (M.J. Allen
1982). Larger California halibut may live in the same area with bigmouth sole but probably would not compete be-
cause they feed on northern anchovy (a species that probably swims too fast for bigmouth sole to capture).

1.4.1.2. Medium-mouthed Flatfishes
A number of flatfishes occurring within the range of the California halibut have medium-sized symmetrical mouths.
These include the Gulf sanddab, Citharichthys fragilis; Pacific sanddab, C. sordidus; speckled sanddab, C. stig-
maeus; longfin sanddab, C. xanthostigma; fantail sole, Xystreurys liolepis; slender sole, Eopsetta (= Lyopsetta) exil-
is; petrale sole, Eopsetta jordani; flathead sole, Hippoglossoides elassodon; Pacific halibut, Hippoglossus stenolepis;
and sand sole, Psettichthys melanostictus.

Because of the smaller mouth, these species generally include more benthic food in their diet than do the large-
mouthed flatfishes, which feed almost entirely on nektonic prey. The fantail sole, in particular, has better developed
teeth on the blind side of the head and feeds more extensively on benthic prey (e.g. crabs) than do the other species
(M.J. Allen 1982). The other species include more nektonic prey than the fantail sole (M.J. Allen 1982), and some
species have special adaptations which may make them more similar in behavior to the California halibut.

Because of its similarity in morphology, diet, apparent foraging behavior, and bathymetry, the sand sole appears
to be an ecological replacement of the California halibut from northern California north. It ranges from the Bering
Sea to Redondo Beach, California, at depths of 1–325 m. It is most abundant in the shallow coastal zone at depths
less than 50 m (M.J. Allen and Smith 1988) and appears in bays from Elkhorn Slough, California, (Kukowski 1972)
northward. This species grows to 63 cm (Eschmeyer et al. 1983). Although it has a medium rather than a large
mouth, it has strong canine teeth which suggest that nektonic
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prey are important. It feeds during the day on Pacific herring, mysids, shrimp, and squid (Miller 1967). Smaller indi-
viduals feed on gammaridean amphipods (Simenstad et al. 1979).

The petrale sole is sometimes called a "halibut" by uninformed anglers because of its large size (to 70 cm)
(Eschmeyer et al. 1983) and similar morphology. It ranges from the Alaska Peninsula to the Coronado Islands, Baja
California, and from 0–550 m (M.J. Allen and Smith 1988). It is most common at 50–200 m (M.J. Allen and Smith
1988) and does not occur at depths less than 30 m in southern California (MBC 1987a). Juveniles occur from 20–80
m (Ketchen and Forrester 1966; Pearcy et al. 1977). Juveniles feed on mysids and small fishes whereas adults feed
on euphausiids, shrimp, and pelagic fishes (Hart 1973; Pearcy et al. 1977). The petrale sole is the major halibut-like
fish of the middle and outer shelf within the northern part of the range (south to central California) of the California
halibut.

The Pacific halibut grows much larger than the California halibut, reaching 267 cm and 363 kg (Eschmeyer et al.
1983). It also has a much broader depth range (6–1097 m) (M.J. Allen and Smith 1988). Although individuals have
been taken to Punta Camalu, Baja California (R.H. Rosenblatt, Scripps Institution of Oceanography, pers. comm.;
M.J. Allen and Smith 1988), Pacific halibut are not abundant south of Tomales Bay. This species replaces the Cali-
fornia halibut in the commercial fishery north of Tomales Bay (Bane and Bane 1971). Small juveniles are most
abundant at depths less than 15 m but larger juveniles occur as deep as 370 m (Best 1981). Pacific halibut smaller
than 30 cm SL feed on shrimp, flatfishes, and Pacific sand lance, Ammodytes hexapterus, and larger individuals
feed on fishes, crabs, and cephalopods (Hart 1973; Hunter 1979). The importance of crabs in its diet indicates that
its foraging is more benthic than that of the California halibut.

The remaining medium-mouthed species are small and could compete with California halibut only if they lived in
shallow water with the halibut juveniles. The Gulf sanddab, Pacific sanddab, slender sole, and flathead sole are all
deeper living species which are not likely to live in shallow water (M.J. Allen 1976a; M.J. Allen 1982; M.J. Allen
and Smith 1988). In addition, the flathead sole is abundant only north of Cape Mendocino. Only the speckled sand-
dab and longfin sanddab are shallow-living species, with the former being the more abundant species within the
range of the California halibut.

The speckled sanddab is the most abundant small benthic fish in the shallow, soft-bottom coastal zone of southern
California (M.J. Allen 1982). This species is a small (usually less than 13 cm), active predator which feeds largely
on mysids and gammarids, but also on more sedentary prey (e.g. crabs and worms; Ford 1965; M.J. Allen 1982). It
does not enter far into lagoons and estuaries. However, because of its abundance along the nearshore coast and its
aggressiveness (Ford 1965), it may affect the abundance of similar-sized California halibut in the shallow coastal
zone.

1.4.1.3. Large-mouthed Elongate Roundfishes without Swimbladders
At least two species of large-mouthed, elongate roundfishes without swimbladders are also important benthic am-
bushers within the range of the California halibut. These are the California lizardfish, Synodus lucioceps, and ling-
cod, Ophiodon elongatus.
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Because of an extensive overlap in diet, habitat, geographic and bathymetric distributions, and probable foraging
behavior, the California lizardfish may be the most important potential competitor of medium-sized California
halibut (M.J. Allen 1982). The California lizardfish ranges from San Francisco to Guaymas, Sonora, Mexico, at
depths of 2–229 m (Eschmeyer et al. 1983). It is most common at depths of 20–60 m (M.J. Allen 1982), the depths
at which subadult and adult California halibut are common. After the larvae undergo transformation they remain as
pelagic juveniles until reaching about 4.5 cm in length (Fitch and Lavenberg 1971); they settle to the bottom at this
size at depths of 15–45 m (M.J. Allen 1982). The California lizardfish reaches a length of about 64 cm (Eschmeyer
et al. 1983). It has large canine teeth for grasping fish prey. The species probably forages during the day (M.J. Allen
1982). Lizardfish generally lie partially buried in the sediment, often near reefs, or rest on their pelvic fins at a slight
angle to the substratum (Turner et al. 1969). As with other lizardfishes elsewhere, they probably lie in wait for nek-
tonic prey and dart upward from the bottom when making a strike (M.J. Allen 1982). Their major prey is northern
anchovy and the mysid, Neomysis kadiakensis (M.J. Allen 1982), but they are also known to eat white croaker and
squid (Fitch and Lavenberg 1971).

Another important potential competitor of California halibut in central California is the lingcod. Lingcod range
from the Alaska Peninsula to Ensenada, Baja California, and in depth from the intertidal zone to 427 m (M.J. Allen
and Smith 1988). The species is rare along the mainland coast of southern California. Lingcod grow to 152 cm, the
same maximum length as the California halibut (Eschmeyer et al. 1983). Juvenile lingcod are pelagic to about 7 cm
before settling to the bottom at depths from the intertidal zone to 60 m (Limbaugh 1955; Miller and Geibel 1973).
For the first 2 years juveniles live on mud and sand bottoms (Frey 1971; Eschmeyer et al. 1983). They often occur in
bays (Eschmeyer et al. 1983; MBC 1987a) from central California north but not in southern California. Juvenile
lingcod are often associated with algae and seagrasses and may occur near rocks (Phillips 1959; Rutenberg 1962;
Miller and Geibel 1973; Eschmeyer et al. 1983). At a size of about 40–60 cm, lingcod move to rocky bottoms, and
this habitat becomes the primary habitat of the adult (Garrison and Miller 1982). Juveniles on the soft bottom feed
on young Pacific herring (Miller and Geibel 1973). Adults feed largely on fishes (rockfishes, greenlings, Pacific her-
ring, Pacific sand lance), cephalopods (squid and octopus), and crustaceans (shrimp and crabs) (Hart 1973; Miller
and Geibel 1973; MBC 1987a). Lingcod generally lie in wait for prey (Quast 1968) and then rapidly dart at the prey
from behind or below (Rutenberg 1962).

1.4.1.4. Depressed Sharks
One species of shark with an extremely depressed body is also a benthic ambusher. This is the Pacific angel shark,
Squatina californica. The Pacific angel shark ranges from southern Alaska to the Gulf of California but is rare north
of California. It is found on sand and mud bottoms (often near rocks and kelp) at depths of 3–183 m but is most
common at 3–46 m. The Pacific angel shark grows to 152 cm, the same size as the California halibut (Eschmeyer et
al. 1983). Because the species is viviparous (Wourms 1977), juveniles enter the nearshore environment at a much
larger size than do most bony fishes. It has
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a terminal mouth and the ability to cock its head at a slight upward angle. Angel sharks generally wait partially bur-
ied until prey approaches, at which time they lunge forward at the prey (Webster 1962). The broad pectoral and pel-
vic fins are used for pushing off the bottom in pursuit of prey. The Pacific angel shark is nocturnally active
(Standora 1972) and feeds on active fishes such as blacksmith, Chromis punctipinnis; white seaperch; rockfishes;
California corbina; queenfish; and California halibut (Limbaugh 1955; Carlisle 1969; Standora 1972; Sandell 1973).

1.4.1.5. Foraging Guild Member Relationships
M.J. Allen (1982) placed the California halibut in a foraging guild of bottom-living pelagivores. Species of this
guild lack swimbladders and ambush pelagic prey from a stationary position on the bottom. Other important mem-
bers of this guild in southern California include the bigmouth sole and the California lizardfish. In terms of relative
abundance in 1972–73, the California lizardfish was the dominant species of this guild at depths of 10–40 m and the
bigmouth sole from 50–170 m (Figure 4). The California halibut accounted for only about 20% of the abundance of
these three guild members at 10 m and accounted for less at other depths. The bigmouth sole was more abundant
than the California halibut at depths greater than 20 m.

From the information mentioned above, the guild could be expanded to include a nocturnal member (Pacific angel
shark) and a rocky bottom member (lingcod). Other species of large- or medium-mouthed flatfishes could be in-
cluded as one progresses upcoast or downcoast within the range of the California halibut, but the probable northerly
replacement is the sand sole and the probable southerly replacement is the Cortez halibut (Figure 5).

1.4.2. Other Potential Competitors
Other fishes in the nearshore fish assemblage sometimes eat some of the same prey as the California halibut, but
most are either benthic species that show a greater emphasis on benthic prey than does the halibut or are water-
column fishes (most with swimbladders) that do not typically lie in wait for prey. Most sculpins (Cottidae), some
rockfishes, and some basses include more decapods in their diet and hence show a greater benthic orientation in for-
aging. Important species here include the Pacific staghorn sculpin, Leptocottus armatus (Tasto 1975) and spotted
sand bass, Paralabrax maculatofasciatus, of the bay nursery areas and barred sand bass, Paralabrax nebulifer,
(Roberts et al. 1984) and California scorpionfish, Scorpaena guttata, of sandy coastal areas near rocks (M.J. Allen
1982). These species are also potential predators of small halibut.

Many species of pelagic fishes feed on mysids and northern anchovy. For instance, queenfish show a similar
change in diet from mysids to northern anchovy as they grow (Roberts et al. 1981). Queenfish, however, are noc-
turnally active (Hobson and Chess 1976). Because mysids occur near the bottom during the day, it is primarily the
benthic ambushers that take them during this time, whereas nocturnal water column fishes (e.g. queenfish and wal-
leye surfperch) take them in the water column at night (Hobson and Chess 1976; M.J. Allen 1982). Species that feed
on northern anchovy are so numerous
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FIGURE 4. Depth distribution of benthic ambushers (pelagivores) off southern California (modified from M.J. Allen
1982). PC—California halibut, Paralichthys californicus; SYL—California lizardfish, Synodus lucioceps;

HS—bigmouth sole, Hippoglossina stomata
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FIGURE 5. Geographic displacement series of ecological counterparts of the California halibut, Paralichthys cali-
fornicus
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and diverse as to not be worth listing here. Because northern anchovy are so abundant, it is doubtful that any one
species would seriously affect the availability of this prey for the California halibut.

1.5. COMMUNITY ASSOCIATES
Near San Onofre, California, halibut larvae are most closely associated with larvae of the diamond turbot, Hypsop-
setta guttulata, and spotted turbot, Pleuronichthys ritteri (Walker et al. 1987). In 1978–80 they were primarily mem-
bers of a winter–spring assemblage of larvae (Walker et al. 1987). This assemblage also included the northern an-
chovy, rockfishes, white croaker, and queenfish.

Beam trawl surveys of bays and the nearshore mainland coast (at 8–13 m) of southern California (MBC 1990), in-
dicated that young-of-the-year California halibut in bays (Anaheim Bay and Agua Hedionda Lagoon) are associated
with cheekspot goby, Ilypnus gilberti; bay pipefish, Syngnathus leptorhynchus; and giant kelpfish, Heterostichus
rostratus. Along the coast, California halibut were commonly associated with speckled sanddab and spotted turbot.

Bag seine and otter trawl surveys in outer Anaheim Bay indicate that juvenile California halibut are closely asso-
ciated with topsmelt; Pacific staghorn sculpin; spotted sand bass; California corbina; shiner perch, Cymatogaster ag-
gregata; pile perch, Rhacochilus vacca; black perch, Embiotoca jacksoni; walleye surfperch; white seaperch; striped
mullet, Mugil cephalus; giant kelpfish; and diamond turbot (Dixon and Eckmayer 1975).

Although California halibut was not a member of a group in a recurrent group analysis of soft-bottom fishes on
the southern California shelf (M.J. Allen 1982), it was closely associated (Index of Affinity = 0.35–0.40) with the
white seaperch, walleye surfperch, black perch, and speckled sanddab. This strongly suggests that the California
halibut is found commonly near schools of surfperches (which are possible prey).

In a habitat analysis of nearshore areas of southern California (L.G. Allen 1985), California halibut formed spe-
cies groups (based upon similarities in abundance) with the shovelnose guitarfish, Rhinobatos productus; specklefin
midshipman, Porichthys myriaster; kelp pipefish, Syngnathus californiensis; bay goby, Lepidogobius lepidus; and
spotted turbot. off Huntington Beach, California, it is found most closely associated with speckled sanddab or spot-
ted turbot (MBC 1987b, 1988).

California halibut was the dominant species in the Estero de Punta Banda near Ensenada, Baja California, in
1982–83, along with the spotfin croaker, Roncador stearnsii (Beltrán-Félix et al. 1986). Monthly peaks in fish
abundance there were due to juvenile California halibut and diamond turbot.

1.6. PREDATORS
Although predation on California halibut has not been directly studied, nonhuman predators probably decrease in
importance with increasing halibut size. Juvenile California halibut are no doubt eaten by shorebirds, water fowl,
and fishes in bays, but the most important predators there have not been determined. Ford (1965) found California
halibut of 7–9 mm in stomachs of thornback, Platyrhinoidis triseriata, at depths of 9 m off La Jolla. Larger Califor-
nia
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halibut in coastal areas are eaten by Pacific angel shark; Pacific electric ray, Torpedo californica; California sea lion,
Zalophus californianus (and probably northern sea lion, Eumatopias jubatus) ; and bottlenose dolphin, Tursiops trun-
catus (Fitch and Lavenberg 1971). Large halibut sometimes eat smaller halibut (Feder et al. 1974). California halibut
bury themselves in the sand and rely on cryptic coloration to avoid predators. However, as adults they may be able
to escape some predators by their swimming abilities.

1.7. PARASITES
Endoparasites of the California halibut include trematodes, cestodes, and nematodes (Bane and Bane 1971; Haaker
1975). About 48% of the California halibut from Anaheim Bay had intestinal tract infestations of the nematode
Spirocamallanus pereirai and 34% had infestations of the trematodes Tubulovesicula linbergi and Stephanostomum
casum (Haaker 1975). About 2% were infested with the larvae of the cestode Echeneibothrum sp.

Ectoparasites of the California halibut include copepods and isopods. Copepods include Lepeophtheirus bufidis
from the body, Taenicanthodes haakeri from the fin rays, and Acanthochondria solea and Holobomalochus prolixus
from the gill cavity (Haaker 1975). The Pacific fish louse, Lironeca vulgaris, (a cymothoid isopod) is often found at-
tached to the blind side of California halibut (Bane and Bane 1971).

1.8. KEY SPECIES IN THE BIOLOGICAL ENVIRONMENT OF THE
CALIFORNIA HALIBUT
Important prey species of the California halibut include the mysids, Mysidopsis elongatus and Neomysis kadiaken-
sis, which are important prey to the juveniles, and the northern anchovy, which is the most important prey to the
adults.

The most important potential competitors of the California halibut are the California lizardfish, bigmouth sole,
and speckled sanddab. All are diurnal, benthic species which feed heavily on nektonic prey. Because of its abund-
ance and aggressiveness, the speckled sanddab is a potentially important competitor of small California halibut in
the coastal zone. The California lizardfish and bigmouth sole are potential competitors of larger halibut; both are
benthic ambushers and feed on mysids at the same size as does the California halibut. The California lizardfish sim-
ilarly shifts to northern anchovy as it grows, but the bigmouth sole does not grow sufficiently large to make this
shift. Small juveniles of both of these species are coastal whereas those of the California halibut reside primarily in
the bays. Hence, competition among these species and juvenile halibut is remote but competition between adult
California halibut and adult California lizardfish is possible. However, it should be noted that a large halibut is cap-
able of eating a moderately sized lizardfish but because of the difference in body form, the reverse is not true.

The sand sole and Pacific halibut are the most likely replacements of the California halibut to the north (i.e. north
of Tomales Bay) and the Cortez halibut to the south (i.e. south of Magdalena Bay). The relative similarities in eco-
logy between the sand sole, Pacific halibut, and California halibut need to be better described. The sand sole is prob-
ably the best candidate for an ecological
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replacement because it is probably the primary soft-bottom benthic ambusher in the nearshore coastal zone north of
central California. However, the Pacific halibut is obviously the replacement in the fishery. The geographic dis-
placement series of ecological counterparts in the nearshore zone probably consists of sand sole, California halibut,
and Cortez halibut in the region from Washington to the Gulf of California (Figure 5).

The most important predator on settling California halibut along the coast may be the thornback. The most im-
portant nonhuman predator of larger coastal juveniles and adults may be the California sea lion. Predation on Cali-
fornia halibut is not well documented.

1.9. ACKNOWLEDGMENTS
I thank C.T. Mitchell of MBC Applied Environmental Sciences for providing me with the time and word processing
capabilities to write this paper. I thank V.G. Whitt and P. Barton of MBC for word processing. I also thank W.L.
Stockton and S.L. Harris of MBC for computer graphics.

1.10. LITERATURE CITED
Ahlstrom, E.H., K. Amaoka, D.A. Hensley, H.G. Moser, and B.Y. Sumida. 1984. Pleuronectiformes: development. Pages 640–670 in H.G.

Moser, W.J. Richards, D.M. Cohen, M.P. Fahay, A.W. Kendall, Jr., and S.L. Richardson, eds. Ontogeny and systematics of fishes. Amer. Soc.
Ichthyol. and Herpetol., Spec. Publ. No. 1. 760 p.

Ahlstrom, E.H. and H.G. Moser. 1975. Distributional atlas of fish larvae in the California Current region: flatfishes, 1955 through 1960. Calif.
Coop. Oceanic Fish. Invest. Atlas No. 23. 207 p.

Allen, L.G. 1985. A habitat analysis of the nearshore marine fishes from southern California. Bull. Southern Calif. Acad. Sci. 84:133–155.

Allen, L.G. 1988. Recruitment, distribution, and feeding habits of young-of-the-year California halibut (Paralichthys californicus) in the vicinity
of Alamitos Bay-Long Beach Harbor, California, 1983–1985. Bull. Southern Calif. Acad. Sci. 87:19–30.

Allen, L.G., R.E. Jensen, and J.R. Sears. 1990. Open coast settlement and distribution of young-of-the-year California halibut, Paralichthys cali-
fornicus, along the southern California coast between Point Conception and San Mateo Point, June–October, 1988. Pages 145–152 in C.W.
Haugen, ed. The California halibut, Paralichthys californicus, resource and fisheries. Calif. Dept. Fish and Game, Fish Bull. 174.

Allen, M.J. 1976a. Addition of Citharichthys fragilis Gilbert to the California fauna. Calif. Fish and Game 62:299–303.

Allen, M.J. 1976b. Important aspects of foraging behavior and feeding morphology in resource partitioning studies of fishes. Pages 177–180 in
C.A. Simenstad and S.J. Lipovsky, eds. Fish food habits studies. 1st Pacific Northwest Technical Workshop. Wash. Sea Grant, Univ. Wash.,
Seattle, WA.

24



Allen, M.J. 1982. Functional structure of soft-bottom fish communities of the southern California shelf. Ph.D. dissertation, Univ. Calif., San
Diego, La Jolla, CA. 577 p. (available from Univ. Microfilms International, Ann Arbor, MI, ref. no. 830091).

Allen, M.J. and K.T. Herbinson. 1990. Settlement of juvenile California halibut, Paralichthys californicus, along the coasts of Los Angeles, Or-
ange, and San Diego Counties in 1989. Calif. Coop. Oceanic Fish. Invest. Rep. 31:84–96.

Allen, M.J. and G.B. Smith. 1988. Atlas and zoogeography of common fishes in the Bering Sea and northeastern Pacific. NOAA Tech. Rep.
NMFS 66. 151 p.

Bane, G.W. and A.W. Bane. 1971. Bay fishes of northern California. Mariscos Publ., Hampton Bays, NY. 143 p.

Beltrán-Félix, J.L., M.G. Hammann, A. Chagoya-Guzman, and S. Alvarez-Borrego. 1986. Ichthyofauna of Estero de Punta Banda, Ensenada,
Baja California, Mexico, before a mayor [sic] dredging operation. Ciencias Marinas. 12(1):79–92.

Best, E.A. 1981. Halibut ecology. Pages 495–508 in D.W. Hood and J.A. Calder, eds., The eastern Bering Sea shelf: oceanography and resources.
U.S. Dept. Commerce, NOAA, off. Mar. Pollut. Assess., Rockville, MD. Vol. 1.

Briggs, J.C. 1974. Marine zoogeography. McGraw-Hill Book Co., New York, NY. 475 p.

CDFG (California Department of Fish and Game). 1989. Review of some California fisheries for 1988. Calif. Coop. Oceanic Fish. Invest. Rep.
30:7–17.

Carlisle, J.G., Jr. 1969. Results of a six-year trawl study in an area of heavy waste discharge: Santa Monica Bay, California. Calif. Fish and Game
55:26–46.

Castro Aguirre, J.L., J.A. Martinez, and J.P. Barrera. 1970. Contribución al conocimiento de los peces del Golfo de California. Revista de la So-
ciedad Mexicana de Historia Natural 31:107–181.

Clark, G.H. 1930. California halibut. Calif. Fish and Game 16:315–317.

Clark, G.H. 1931. The California halibut (Paralichthys californicus) and an analysis of the boat catches. Calif. Div. Fish and Game, Fish Bull. 32.
52 p.

Dixon, R.L. and W.J. Eckmayer. 1975. Checklist of the elasmobranchs and teleosts in the outer harbor of Anaheim Bay. Pages 175–183 in E.D.
Lane and C.W. Hill, eds. The marine resources of Anaheim Bay. Calif. Dept. Fish and Game, Fish Bull. 165.

Eschmeyer, W.N., E.S. Herald, and H. Hammann. 1983. A field guide to Pacific Coast fishes of North America. Houghton Mifflin Co., Boston,
MA. 336 p.

Feder, H.M., C.H. Turner, and C. Limbaugh. 1974. Observations on fishes associated with kelp beds in southern California. Calif. Dept. Fish and
Game, Fish Bull. 160. 138 p.

Fitch, J.E. 1965. offshore fishes of California. 3rd revision. Calif. Dept. Fish and Game, Sacramento, CA. 80 p.

Fitch, J.E. and R.J. Lavenberg. 1971. Marine food and game fishes of California. Univ. Calif. Press, Berkeley, CA. 179 p.

25



Ford, R.F. 1965. Distribution, population dynamics and behavior of a bothid flatfish, Citharichthys stigmaeus. Ph.D. dissertation, Univ. Calif.,
San Diego, La Jolla, CA. 243 p.

Frey, H.W., ed. 1971. California's living marine resources and their utilization. Calif. Dept. Fish and Game, Sacramento, CA. 148 p.

Garrison, K.J. and B.S. Miller. 1982. Review of the early life history of Puget Sound fishes. Univ. Wash., Fish. Res. Inst., Seattle, WA. FRI-
UW-8216. 729 p.

Ginsburg, I. 1952. Flounders of the genus Paralichthys and related genera in American waters. U.S. Fish Wildl. Serv., Fish. Bull.
52(71):267–351.

Haaker, P.L. 1975. The biology of the California halibut, Paralichthys californicus (Ayres), in Anaheim Bay, California. Pages 137–151 in E.D.
Lane and C.W. Hill, eds. The marine resources of Anaheim Bay. Calif. Dept. Fish and Game, Fish Bull. 165.

Hart, J.L. 1973. Pacific fishes of Canada. Fish. Res. Board Can., Bull. 180. 740 p.

Hobson, E.S. and J.R. Chess. 1976. Trophic interactions among fishes and zooplankters near shore at Santa Catalina Island, California. Fish.
Bull., U. S. 74:567–598.

Hubbs, C.L. 1974. [Review of] Marine zoogeography, by John C. Briggs. Copeia 1974:1002–1005.

Hunter, M.A. 1979. Food resource partitioning among demersal fishes in the vicinity of Kodiak Island, Alaska. M.S. thesis, Univ. Wash., Seattle,
WA. 131 p.

Jordan, D.S. 1887. The fisheries of the Pacific Coast. Pages 589–630 in G.B. Goode, ed., Fisheries and fishing industries of the U.S., Sec. II. U.S.
47th Congress, 1st Sess., Senate Misc. Doc. 124, Pt. 3, Serial 1999, Washington, DC.

Ketchen, K.S. and C.R. Forrester. 1966. Population dynamics of petrale sole, Eopsetta jordani, in waters off western Canada. Fish. Res. Board
Can., Bull. 153. 195 p.

Kramer, S.H. 1990. Distribution and abundance of juvenile California halibut, Paralichthys californicus, in shallow waters of San Diego County.
Pages 99–126 in C.W. Haugen, ed. The California halibut Paralichthys californicus, resource and fisheries. Calif. Dept. Fish and Game, Fish
Bull. 174.

Kramer, S.H. and J.R. Hunter. 1987. Southern California wetland/shallow water habitat investigation, annual report for fiscal year 1987 U.S.
Dept. Commerce, Natl. Oceanic & Atmos. Admin., Natl. Mar. Fish. Serv., Southw. Fish. Cen., La Jolla, CA. 12 p.

Kramer, S.H. and J.R. Hunter. 1988. Southern California wetland/shallow water habitat investigation, annual report for fiscal year 1988. U.S.
Dept. Commerce, Natl. Oceanic & Atmos. Admin., Natl. Mar. Fish. Serv., Southw. Fish. Cen., La Jolla, CA. 15 p.

Kukowski, G.E. 1972. A checklist of the fishes of the Monterey Bay area including Elkhorn Slough, the San Lorenzo, Pajaro and Salinas Rivers.
Moss Landings Marine Laboratories, Moss Landing, CA. Tech. Publ. 72-2. 69 p.

26



Limbaugh, C. 1955. Fish life in the kelp beds and the effects of kelp harvesting. Inst. Mar. Resources, Scripps Inst. Oceanog., Univ. Calif., San
Diego, La Jolla, CA. IMR Ref. 55–9. 158 p.

MBC Applied Environmental Sciences. 1987a. Ecology of important fisheries species offshore California. U.S. Dept. Interior, Minerals Manage.
Serv., Pac. OCS Reg., Los Angeles, CA. OCS Study, MMS 86–0093.

MBC Applied Environmental Sciences. 1987b. National pollutant discharge elimination system, 1987 receiving water monitoring report, Hunt-
ington Beach Generating Station, Orange County, California. Prepared for S. Calif. Edison Co., Rosemead, CA. MBC Applied Environ. Sci.,
Costa Mesa, CA. 87-RD-83. 122 p.

MBC Applied Environmental Sciences. 1988. National pollutant discharge elimination system, 1988 receiving water monitoring report, Hunting-
ton Beach Generating Station, Orange County, California. Prepared for S. Calif. Edison Co., Rosemead, CA. MBC Applied Environ. Sci.,
Costa Mesa, CA. 88-RD-57. 150 p.

MBC Applied Environmental Sciences. 1990. Distribution of juvenile California halibut (Paralichthys californicus) and other fishes in backbay
and coastal habitats of Los Angeles, Orange, and San Diego Counties in 1989. Prepared for S. Calif. Edison Co., Rosemead, CA. MBC Ap-
plied Environ. Sci., Costa Mesa, CA. 74 p.

Miller, B.S. 1967. Stomach contents of adult starry flounder and sand sole in East Sound, Orcas Island, Washington. J. Fish. Res. Board Can.
24:2515–2526.

Miller, D.J. and J.J. Geibel. 1973. Summary of blue rockfish and lingcod life histories; a reef ecology study; and giant kelp, Macrocystis pyrifera,
experiments in Monterey Bay, California. Calif. Dept. Fish and Game, Fish Bull. 158. 137 p.

Miller, D.J. and R.N. Lea. 1972. Guide to the coastal marine fishes of California. Calif. Dept. Fish and Game, Fish Bull. 157. 249 p. (addendum
added 1976).

NMFS. 1985. Marine recreational fishery statistics survey, Pacific Coast, 1983–1984. U.S. Dept. Commerce, Natl. Oceanic & Atmos. Admin.,
Natl. Mar. Fish. Serv., Washington, DC. 189 p.

Norman, J.R. 1934. A systematic monograph of the flatfishes (Heterosomata), Vol. 1, Psettodidae, Bothidae, Pleuronectidae. Brit. Mus. Nat.
Hist., London, U. K. 459 p.

Pearcy, W.G., M.J. Hosie, and S.L. Richardson. 1977. Distribution and duration of pelagic life of larvae of Dover sole, Microstomus pacificus;
rex sole, Glyptocephalus zachirus; and petrale sole, Eopsetta jordani, in waters off Oregon. Fish. Bull., U. S. 75:173–183.

Phillips. J.B. 1959. A review of the lingcod, Ophiodon elongatus. Calif. Fish and Game 45:19–27.

Plummer, K.M., E.E. DeMartini, and D.A. Roberts. 1983. The feeding habits and distribution of juvenile-small adult California halibut
(Paralichthys californicus) in coastal waters off northern San Diego County. Calif. Coop. Oceanic Fish. Invest. Rep. 24:194–201.

27



Quast, J.C. 1968. Observations on the food of kelp-bed fishes. Pages 109–142 in W.J. North and C.L. Hubbs, eds. Utilization of kelp-bed re-
sources in southern California. Calif. Dept. Fish and Game, Fish Bull. 139.

Ricklefs, R.E. 1973. Ecology. Chiron Press, Portland, OR. 861 p.

Roberts, D., E. DeMartini, C. Engel, and K. Plummer. 1981. A preliminary evaluation of prey selection by juvenile-small adult California halibut
(Paralichthys californicus) in nearshore coastal waters off southern California. Pages 214–223 in G.M. Cailliet and C.A. Simenstad, eds. Gut-
shop '81, Fish food habits studies. Wash. Sea Grant Publ., Univ. Wash., Seattle, WA.

Roberts, D.A., E. E. DeMartini, and K. M. Plummer. 1984. The feeding habits of juvenile-small adult barred sand bass (Paralabrax nebulifer) in
nearshore waters off northern San Diego County. Calif. Coop. Oceanic Fish. Invest. Rep. 25:105–111.

Root, R.B. 1967. The niche exploitation pattern of the blue-gray gnatcatcher. Ecol. Monogr. 37:317–350.

Rutenberg, E.P. 1962. Survey of the fishes of family Hexagrammidae. Pages 1–103 in T.S. Rass, ed. Terpugovye ryby i vozmozhnosti ikh
mezhokeanskoi transplantatsii (Greenlings—taxonomy, biology, interoceanic transplantation). Tr. Inst. Okeanol., Akad. Nauk SSSR 59. (In
Russ.) (Transl. by Israel Prog. Sci. Transl., 1970, 207 p. Available from U.S. Dept. Commerce, Natl. Tech. Inf. Serv., Springfield, VA, as TT
69-55097).

Sandell, R.D. 1973. Aspects of the biology of the elasmobranch fishes of Anaheim Bay, California, with special reference to food habits. M.A.
thesis, Calif. State Univ., Long Beach, Long Beach, CA. 113 p.

Simenstad, C.A., B.S. Miller, C.F. Nyblade, K. Thornburgh, and L.J. Bledsoe. 1979. Food web relationships of northern Puget Sound and the
Strait of Juan de Fuca. U.S. Dept. Commerce, Natl. Oceanic & Atmos. Admin., Environ. Res. Lab., Seattle, WA, and U.S. Environ. Prot. Agcy,
off. Environ. Eng. Tech., Washington, D.C., U.S. Interagency (NOAA, EPA) Energy/Environ. Res. Dev. Prog. Rep., EPA-600/7-79-259. 335
p.

Squire, J.L., Jr. and S.E. Smith. 1977. Angler's guide to the United States Pacific Coast. U.S. Dept. Commerce, Natl. Oceanic & Atmos. Admin.,
Natl. Mar. Fish. Serv., Seattle, WA. 139 p.

Standora, E.A. 1972. Development of a multichannel, ultrasonic telemetry system for monitoring shark behavior at sea with a preliminary study
of the Pacific angel shark, Squatina californica. M.A. thesis, Calif. State Univ., Long Beach, Long Beach, CA. 143 p.

Tasto, R.N. 1975. Aspects of the biology of the Pacific staghorn sculpin, Leptocottus armatus, in Anaheim Bay. Pages 123–125 in E.D. Lane and
C.W. Hill, eds. The marine resources of Anaheim Bay. Calif. Dept. Fish and Game, Fish Bull. 165.

Thompson, D.A. and N. McKibbin. 1976. Gulf of California fishwatcher's guide. Golden Puffer Press, Tucson, AZ. 75 p.

Turner, C.H., E.E. Ebert, and R.R. Given. 1969. Man-made reef ecology. Calif. Dept. Fish and Game, Fish Bull. 146. 221 p.

28



Walker, H.J., Jr., W. Watson, and A.M. Barnett. 1987. Seasonal occurrence of larval fishes in the nearshore Southern California Bight off San
Onofre, California. Estuarine, Coastal and Shelf Sci. 25:91–109.

Webb, P.W. 1981. The effect of the bottom on the fast start of flatfish Citharichthys stigmaeus. Fish. Bull., U. S. 79:271–276.

Webster, D.K. 1962. Myth and maneater; the story of the shark. Davies, London, Eng., UK. 223 p.

Wourms, J.P. 1977. Reproduction and development in chondrichthyan fishes. Amer. Zool. 17:379–410.

29



30



1 Present address: National Marine Fisheries Service, Southwest Fisheries Science Center, La Jolla, CA 92038

2. Distribution And Abundance of Early Life History Stages of The California
Halibut, Paralichthys californicus, And Comparison With the Fantail Sole,
Xystreurys liolepis

H. GEOFFREY MOSER
National Marine Fisheries Service

Southwest Fisheries Science Center
P.O. Box 271

La Jolla, CA 92038
and

William Watson 1

MEC Analytical Systems, Inc.
2433 Impala Drive

Carlsbad, CA 92008

2.1. ABSTRACT
Temporal and spatial abundance patterns of the larvae of two paralichthyid flatfishes, California halibut, Paralich-
thys californicus, and fantail sole, Xystreurys liolepis, were investigated using a 30-year-long (1951–81) CalCOFI
data set that included stations from central California to southern Baja California, and an 8-year-long (1978–86)
nearshore data set from two sites in the vicinity of San Onofre, California.

California halibut spawn throughout the year, primarily in February–March and secondarily between July and Oc-
tober off California and northern Baja California. Further south, in Sebastian Viscaino Bay and off central and
southern Baja California, spawning is primarily in June–August, and secondarily in February–March. Most larvae
occur over the continental shelf, in the upper 30 m of the water column. The oldest larvae occur almost exclusively
very near shore; at night they are neustonic. The surfaceward movement of older larvae may facilitate their move-
ment to the shallow zone where they settle and transform to the juvenile stage.

Abundance of larval California halibut is highest off southern California, northern Baja California, and in Sebasti-
an Viscaino Bay, and lowest off central California and southern Baja California. Interannual patterns of larval
abundance and the California commercial catch have been highly concordant since 1958, suggesting that the year-
to-year fluctuations in the commercial catch result largely from halibut abundance. Furthermore, this concordance of
interannual patterns suggests that ichthyoplankton surveys can be used as a fishery-independent tool to assess and
monitor the spawning biomass of California halibut.
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2 Paralichthys traditionally has been included in the family Bothidae, and this affiliation has persisted in recent literature and checklists despite
extensive evidence (Amaoka 1969; Ahlstrom et al. 1984; Hensley and Ahlstrom 1984) that it, and 13 other genera, form a distinct lineage: the
family Paralichthyidae.

Fantail sole spawn throughout the year, with most activity in the last half of the year (August–December). Larvae
occur primarily over the continental shelf, mainly off Baja California. Preflexion and flexion stage larvae occur prin-
cipally in the midwater column; postflexion stage larvae settle into the moderately shallow (22–45 m) epibenthos
where they transform to the juvenile stage. The different benthic recruitment strategies of fantail sole and California
halibut minimize trophic competition between the young juveniles of the two species.

2.2. INTRODUCTION
The California halibut, Paralichthys californicus, is one of about 21 species belonging to the genus2 , which occurs
in subtropical and warm temperate coastal waters of the New World and northwestern Pacific Ocean. The California
halibut ranges along the Pacific coast of North America from northern Washington state to southern Baja California;
its distribution is centered in northern Baja California and it is uncommon north of San Francisco. The fantail sole,
Xystreurys liolepis, is a somewhat more tropical species that ranges from Monterey Bay, California, to the Gulf of
California (Miller and Lea 1972).

Paralichthys californicus has supported important commercial and recreational fisheries since the early twentieth
century (e.g., Frey 1971); these fisheries have become increasingly regulated in response to decreasing and variable
catches (Methot 1983; Barsky 1990; Jow 1990; Oliphant 1990). From the 1940s to the 1970s both the commercial
and recreational fisheries were characterized by catch cycles of about 20 years length; however, in the most recent
cycle the recreational party boat catch has remained depressed since the low catches of the early 1970s, while the
commercial catch has greatly increased, with only relatively minor short term fluctuations. The inevitable user group
conflict that resulted from this disparity in recreational and commercial catches focused attention on possible solu-
tions to the difficult allocation problem (Reed and MacCall 1988), which in turn emphasized the need for basic in-
formation on the population dynamics and ecology of this species.

Ichthyoplankton surveys can provide information on spatial and temporal distributions of spawning, on ecology
of the early life history stages, and on survival and recruitment of fish stocks (Smith and Richardson 1977). Al-
though such surveys typically focus on wide-ranging coastal pelagic species, in recent years they also have proven
effective in monitoring species restricted to the shallow continental shelf (Barnett et al. 1984; Lavenberg et al.
1986). The California Cooperative Oceanic Fisheries Investigations (CalCOFI) has conducted extensive biological/
oceanographic surveys off California and Baja California since 1939; recently, a computer data base was established
for a 30-year segment (1951–81) of the CalCOFI ichthyoplankton time series (Ambrose et al. 1987). Larval P. cali-
fornicus occur in samples from the shoreward CalCOFI stations, and these provide fishery-independent information
on abundance trends in the form of seasonal and interannual variation in
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larval numbers. A nearshore ichthyoplankton survey conducted during 1978–86 near the San Onofre Nuclear Gener-
ating Station (SONGS) afforded the opportunity to study seasonal and interannual variation in larval abundance in
the habitat of adult California halibut. In this paper we use both data sets to: 1) provide new information on the early
life history of P. californicus, particularly on seasonal and long-term spawning trends; 2) show that the catch cycles
of the California halibut fishery may reflect availability rather than fishing effort; 3) demonstrate the potential of
ichthyoplankton surveys as a means of monitoring California halibut biomass; and 4) compare temporal and spatial
distributions of larval California halibut with the patterns of the sympatric fantail sole larvae. Larvae of the two spe-
cies were confused until recently (Ahlstrom et al. 1984); however, subsequent reanalysis of samples allowed time
series to be established for both species. The similarities of both the ontogenetic stages and the adults of these two
paralichthyids suggest niche overlap, and we address this in our analysis of the X. liolepis data.

2.3. MATERIALS AND METHODS
2.3.1. CalCOFI Surveys
The CalCOFI sampling pattern consists of a series of transect lines perpendicular to the coast at 40-naut mi intervals
(Figure 1). Standard stations on each line are 20 naut mi apart, except near islands where they are more closely
spaced. Over the 30-year sampling period considered in this paper, the minimum bottom depth at the most shore-
ward stations was 15 m; most stations were over the deeper continental shelf and farther seaward. Surveys were con-
ducted annually from 1951 to 1966 and triennially from 1966 to 1981. Seasonal coverage was essentially monthly
from 1951 to 1960, quarterly from 1961 to 1965, and approximately monthly again from 1966 to 1981. The triennial
surveys of 1972 through 1981 consisted of six cruises each, with most cruises in the first half of the year. Areal cov-
erage was greatest during 1951 to 1960, with reduced coverage off southern Baja California thereafter (see Ambrose
et al. [1987] and subsequent data reports in that series for details of the CalCOFI sampling coverage).

Prior to 1969, integrated oblique plankton tows were taken to a depth of 140 m using a 1-m ring net equipped
with 0.55-mm mesh silk netting. In 1969 the silk netting was replaced with 0.505-mm mesh nylon netting and the
integrated tows were taken to a depth of 210 m. In 1978 a 71-cm diameter bongo net (McGowan and Brown 1966)
replaced the 1-m ring net. In 1981 a 15-min surface tow was added at each station using a Manta net (Brown and
Cheng 1981) having a 15.5 cm deep by 86 cm wide mouth opening and 0.505-mm mesh nylon net.

Laboratory processing of these samples included sorting of the fish eggs and larvae from the plankton and identi-
fication and enumeration of all fish larvae. For this study, we reidentified all specimens previously identified as P.
californicus, corrected historical errors, and measured body length of each specimen to 0.1 mm. Larval X. liolepis
were distinguished from P. californicus, enumerated, and measured.

A standard haul factor (Kramer et al. 1972), calculated for each tow, was used to convert larval counts to the es-
timated number of larvae under 10 m2
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FIGURE 1. Map of the study area showing the six CalCOFI zones and geographic reference points
of sea surface. To facilitate analysis, these abundance data were pooled into groups representing six coastal zones
(Figure 1): central California (CalCOFI lines 60–77), southern California (lines 80–97), northern Baja California
(lines 100–110), Sebastian Viscaino Bay (lines 113–120), central Baja California (lines 120–137), and southern Baja
California (lines 140–157). The outer boundaries of these zones were determined by the most seaward occurrences
of larval P. californicus from the overall 1951–81 time series (exclusive of three obvious outliers). These zones were
the basis for computations of mean abundance under 10 m2 of sea surface (Appendices I and II). To compensate for
seasonal,
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areal, and interannual gaps in the time series, we employed an ANOVA predictive model developed by MacCall and
Prager (1988) to fill in the missing values and produce seasonal and annual abundance indices. Details of this model
and its application are given by MacCall and Prager (1988); briefly, missing values within the cells of the ANOVA
model were predicted via an iterative procedure that utilized the means of the observed values in the appropriate
ANOVA rows and columns (in this case, regions, months, and years) to generate estimates of the missing values. Fi-
nally, in order to estimate the average total number of larval California halibut occupying each of the six coastal
zones, the mean abundance of larvae in each zone was multiplied by the total area encompassed by that zone
(Appendices I and II). These areas (in thousands of km2) are: central California 10.94, southern California 44.51,
northern Baja California 39.17, Sebastian Viscaino Bay 31.40, central Baja California 71.48, and southern Baja
California 20.46.

Because the data for larval X. liolepis were limited, it was not feasible to establish zones as was done for P. cali-
fornicus. Analysis in this case was limited to estimation of seasonal incidence and abundance (mean number of lar-
vae per positive tow).

Vertical distribution data were obtained from a series of 16 discrete depth tows taken off Dana Point, California at
CalCOFI station 90.28 (2.4 nm from shore, 350 m bottom depth) from 29 March to 5 April 1980. The MESSHAI
multiple opening-closing net system (Pommeranz and Moser 1987) was used to sample five discrete 10-m thick wa-
ter column strata; the mouth opening of each net was 25 x 25 cm. A Manta net was used to obtain a surface sample
during each tow. Larval density (numbers per 10 m3) for each stratum was calculated from total numbers of larvae
and total volume of filtered water summed from all tows in each stratum.

2.3.2. Nearshore Surveys
Nearshore samples were collected from January 1978 through September 1986 along a transect line perpendicular to
shore approximately 1 km south of SONGS, and from August 1979 through September 1986 along a similar transect
off Stuart Mesa, approximately 17 km south of the SONGS transect. Except for a limited study of daily vertical mi-
gration at the SONGS site (Barnett et al. 1984), the sampling methodology, described by Barnett et al. (1984) and
Walker et al. (1987), was the same at both study sites. Briefly, a stratified random sampling design (Snedecor and
Cochran 1967) was used wherein the neustonic (top 16 cm), epibenthic (bottom 67 cm), and remaining midwater
layers of the water column were sampled along a randomly selected isobath within each of five blocks at each site
on each survey date. These blocks were defined by bottom depth: (A) 6–9 m; (B) 9–12 m; (C) 12–22 m; (D) 22–45
m; and (E) 45–75 m. Sampling for the vertical migration study was conducted only along the 8-m and 13-m isobaths
off SONGS.

Three different samplers, equipped with 0.333-mm mesh Nitex nets and flowmeters, were required to sample the
entire water column. A Manta net, 88 cm wide by 16 cm deep, was used to sample the neuston; a 71-cm bongo net
was used to take a stepped-oblique tow through the midwater column; and an Auriga net (MBC Applied Environ-
mental Sciences, 947 Newhall Street, Costa
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Mesa, CA 92627), 2 m wide by 0.5 m high, was used in the epibenthic stratum. All sampling on the transects was at
night; both day and night sampling was included in the vertical migration study. In all cases, tows were taken along
the selected isobath at ca. 1 m/s for a fixed time in order to filter a target volume of 400 m3. All samples were pre-
served in the field in 10% seawater formalin.

Because the nearshore sampling was part of a study to predict, and subsequently measure, the effects on the
plankton of a coastal nuclear electric generating station, the sampling frequency varied considerably, according to
the changing requirements of the power plant study. Sampling frequency ranged from approximately weekly during
the latter part of the predictive phase of the study to approximately quarterly during the 3-year interim between the
plant pre-operational and operational phases. Most sampling was in spring and summer (March through September).

Subsamples (average 25%, range 3.1-100%) taken with a Folsom plankton splitter were sorted for fish larvae us-
ing dissecting microscopes (6–10X magnification). Each was checked to ensure that at least 90% of the fish larvae
were removed. Larval California halibut and fantail sole were enumerated in four classes corresponding to develop-
mental stages: yolk-sac (no yolk-sac stage fantail sole were identified), preflexion (exclusive of yolk-sac), notochord
flexion, and postflexion. This staging was done for a subset of the 1978–79 samples (one transect per survey) and
for all subsequent samples. In addition, postflexion stage larvae of California halibut were enumerated in 1-mm size
classes from the 1978 samples to more closely examine the distribution of transforming larvae. From 1984 through
1986, as a result of a shift in program focus, samples collected in block E were not analyzed.

Larval California halibut count data were converted to number per 100 m3, and for the transect sampling these
density values were used to calculate larval abundance (number under 10 m2 of sea surface) in each block. The
abundance values were transformed by log (X + C), then analyzed using ANOVA and the Student-Neuman-Keuls
(SNK) multiple range test (results evaluated at [a]=0.05) for offshore pattern. Most non-zero abundance values for
preflexion and flexion larvae were larger than 1.0, while most for yolk-sac and postflexion larvae were larger than
0.1. Therefore, constants selected for use in the log (X + C) transformation were 1.0 for preflexion and flexion, and
0.1 for yolk-sac and postflexion. For analyses of finer-scale offshore/vertical distributions of larvae off SONGS, the
log (X + 1.0) transformation of larval density data was used since values [>] 1.0 represented the majority of the non-
zero data. For the ANOVA and SNK analyses of both abundance and density patterns, the 1984–86 data were ex-
cluded in order to maintain a balanced design. Results of the analyses were back-transformed and are presented in
tabular form as geometric mean number of larval California halibut per 10 m2 or per 100 m3. Note that the geomet-
ric means are a function of the constant used in the log transformation, and are smaller than the corresponding arith-
metic means. The arithmetic means are presented in figures. Since few larval fantail sole were collected, only arith-
metic mean abundances and densities are given; statistical analyses were not performed.

A repeated-measures ANOVA was used for the analysis of daily vertical migration. This analysis was described
by Barnett et al. (1984) and only the results are summarized here.
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Seasonal abundance patterns were qualitatively examined for both species by calculating monthly mean abund-
ance (number under 10 m2 of sea surface) within the 6 to 75-m depth zone at each study site (Appendices III to VI).
In addition, the average number of larvae occupying the coastal zone in each month was estimated for each site. This
was done by multiplying each mean larval abundance value by the area represented by that transect line. The areal
estimates were obtained from Lavenberg et al. (1986): the SONGS transect, corresponding approximately to Cal-
COFI line 90.9, was taken to represent an area of 142 km2, while the Stuart Mesa transect, corresponding approxim-
ately to CalCOFI line 91.6, represented 105 km2. For the 1984–86 surveys, when larval abundance data were avail-
able only for stations shoreward of the 45-m isobath, both monthly mean abundances and population estimates were
extrapolated to the entire zone shoreward of the 75-m isobath. These values, given in Appendices III to VI, are with-
in about 5% of the values that would have been obtained for population size of both species and for mean abundance
of larval fantail sole if the estimates were not extrapolated beyond 45-m depth, but are only about three-quarters as
large for mean abundance of larval California halibut.

2.4. RESULTS
2.4.1. CalCOFI Surveys
2.4.1.1. Paralichthys californicus
A total of 3713 larval P. californicus (9350 after adjustment for standard haul factor) were collected in 1092 of the
13,367 tows taken in the six coastal zones during 1951–81. These larvae were collected primarily between Mag-
dalena Bay, Baja California and Point Conception, California (Figure 2), an area corresponding to the San Diegan
zoogeographic province (Allen and Smith 1988). Spawning distributions often are precise estimators of zoogeo-
graphic relationships; the overall larval distribution of P. californicus clearly shows its warm-water affinity and
demonstrates its limited spawning off central California. Mean incidence over the entire 1951–81 time series was
highest (12.0%) in the Sebastian Viscaino Bay zone, somewhat lower in northern Baja California and southern Cali-
fornia, and two-thirds lower off central California and central and southern Baja California (Table 1). Mean relative
abundance followed a similar pattern, except that zonal differences were larger. Mean abundance in the Sebastian
Viscaino Bay zone was highest (1.14 larvae/10 m2), with northern Baja California and southern California some-
what lower. Mean abundance in southern Baja California was lower yet—about 13% that of Sebastian Viscaino
Bay, while the value for central California was only about 10% of the Sebastian Viscaino Bay value. However, es-
timates of mean total number of larvae occupying each zone (mean larval abundance in each zone multiplied by the
area encompassed by the zone) were about equal for southern California, northern Baja California, and Sebastian
Viscaino Bay. These three zones combined accounted for about 80% of the total number of larval California halibut
estimated to occupy the waters off California and Baja California. The estimated total was somewhat lower for the
central Baja California zone, and was very low for central California and southern Baja California: these last two
zones accounted for about 3% of the overall California and Baja California
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estimated total (Table 1). Larval California halibut clearly were concentrated at nearshore stations: 85% of all larvae
occurred at stations over the continental shelf (<200 m bottom depth).

FIGURE 2. Geographic distribution and relative abundance of larval Paralichthys californicus collected in Cal-
COFI surveys, 1951–81
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TABLE 1. Incidence (percent of all tows that contained larvae), abundance (mean number of larvae under 10 m2

of sea surface), and estimated mean total number of larval California halibut in each of six CalCOFI geographic
zones, 1951–81.

Spawning occurs throughout the year in the CalCOFI survey area (Figure 3). Mean seasonal incidence and abund-
ance, pooled for the entire time series, were similar (Figure 3a), with major peaks in February and July, minor peaks
in April and October, and minima in May and November. Overall, both incidence and abundance decreased after the
sharp February peak (13.3% positive tows, 1.42 larvae/10 m2). The summer peak was weaker (9.7%, 0.92 larvae/10
m2) but broader, extending from about June into August. When the incidence data were partitioned into California
and Baja California components, there were three periods of higher incidence (Figure 3b): January–February,
June–July and September–October off California, and February, April, and July–August off Baja California.

There were three peaks in larval abundance (mean number of larvae/10 m2 in positive tows, and averaged over all
tows) off California, with amplitude decreasing sequentially from the February to the July and October peaks
(Figure 4). off Baja California, mean abundance also was highest in February (16 larvae/10 m2 in positive tows, 2.2
larvae/10 m2 in all tows), while the summer peak was smaller but much broader (June–August). Minor increases oc-
curred off Baja California in April and October (Figure 4b).

Seasonal trends of estimated mean total number of larvae were similar off California and Baja California but the
total was much larger off Baja California than off California (Figure 5a). Northern Baja California produced the
largest component of the overall February peak (Figure 5b), with an ANOVA index value twice as large as the over-
all CalCOFI mean. Following the February peak, the total number of larvae off northern Baja California decreased
abruptly, remained low through June, then increased slightly in August before declining to the annual nadir in Octo-
ber and November (Figure 5b). California contributed the second largest fraction of the overall February peak. Inter-
estingly, the ANOVA model indicated three smaller peaks in California after the major February peak: in April, Ju-
ly, and September–October (Figure 5b). The April peak was not apparent in the arithmetic means of incidence and
abundance for California (cf. Figures 3b, 4b, and 5b). The combined central and southern Baja California index
value was slightly lower than that for California in February, showed a minor increase in April, a large peak in
June–August, and
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FIGURE 3. Monthly means of: (a) incidence and abundance of larval Paralichthys californicus collected in Cal-
COFI surveys, 1951–81; and (b) incidence of larval P. californicus at CalCOFI stations off California and off Baja

California, 1951–81
declined to a minimum in November (Figure 5b). Larval production was-delayed in Sebastian Viscaino Bay, with
the early peak in March, one month later than for the other areas. The total number of larvae in Sebastian Viscaino
Bay was highest in July (Figure 5b); this peak, which represented the largest fraction of the overall summer peak,
was ca. 1.5 times the overall CalCOFI mean.

40



FIGURE 4. Monthly mean abundance of larval Paralichthys californicus collected at CalCOFI stations off Califor-
nia and off Baja California, 1951–81: (a) mean number per 10 m2 averaged only over tows that contained P. cali-

fornicus; and (b) mean number per 10 m2 averaged over all tows
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FIGURE 5. Total number of larval Paralichthys californicus by month and geographic zone in CalCOFI surveys,
1951–81: (a) mean total number (= monthly mean number per m2 x area in m2 of geographic region) present off

California and off Baja California; and (b) fraction of the total present in each of four geographic zones asderived
from the ANOVA analysis
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Regional differences in seasonal spawning patterns were further investigated by plotting regional maps of larval
incidence and abundance data pooled by quarter (Figure 6). Larval incidence off central California was moderate
only in the first quarter, and was low during the remainder of the year. off southern California, incidence was
highest in the first quarter, subsided during the second quarter to a level comparable to the central California maxim-
um, and then increased again during the third quarter. off northern Baja California, incidence was highest during the
first quarter and subsequently declined gradually. In Sebastian Viscaino Bay larval incidence was moderately high
during the first half of the year, then increased to its maximum level in the third quarter. Incidence off central and
southern Baja California was lower during the first quarter than in any of the more northern regions; incidence was
minimal in the second quarter and only a little higher subsequently. Similar patterns were evident for mean abund-
ance, except that the third quarter increase off southern California was less apparent, while the strength and duration
of the spring–summer spawning peak in Sebastian Viscaino Bay was even more apparent (Figure 6).

The major spawning peaks of P. californicus in California (February) and Sebastian Viscaino Bay (July–August)
occurred during vastly different regimes of temperature and zooplankton abundance. Mean larval abundance was
highest off southern California when water temperature was lowest, and when mean zooplankton volume was begin-
ning to increase (Table 2). In contrast, in Sebastian Viscaino Bay highest mean larval abundance occurred during the
period when water temperature was highest and when mean zooplankton volume was decreasing (Table 2).

TABLE 2. Mean abundance of larval California halibut, mean water temperature, and mean zooplankton volume
by quarter, southern California and Sebastian Viscaino Bay, 1951–81.

Analysis of interannual variation in larval abundance is hindered by uneven regional coverage of CalCOFI sur-
veys during 1951–81. The Southern California Bight was the most consistently occupied area, with complete cover-
age on about 95% of the cruises during the 30-year period. Mean larval abundance (number of larvae/10 m2 on all
tows) off southern California varied markedly during this period (Figure 7). Means ranged from extremely low val-
ues (>0.2 larvae/10 m2) in 1951–52, 1960, and 1972, to highs of 0.9 larvae/10 m2 in 1958, 1.8 larvae/10 m2 in
1965, and almost 5.0 larvae/10 m2 by 1981. Commercial landings for southern California corresponded closely to
the trends in larval

43



FIGURE 6. Maps of incidence (above) and mean abundance (below) of larval Paralichthys californicus, by quarter,
in each of six geographic zones; CalCOFI surveys, 1951–81
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abundance, except during 1951–58 when the trends were diametrically opposite (Figure 7). Commercial landings
decreased from ca. 1 million lb in 1947 to ca. 250,000 lb by 1958, then increased sharply to 800,000 lb in 1964, de-
creased again to 117,000 lb by 1973, and finally increased once again to ca. 700,000 lb in 1981. The close corres-
pondence of trends in larval abundance and landings after 1958 is remarkable. The disparity between the two time
series before 1958 may be, at least in part, an artifact resulting from inadequate identifications of P. californicus lar-
vae in those early years. Abundance values may well have been higher than the recorded values for P. californicus.
However, confirmation (or refutation) of this suggestion is not presently feasible.

FIGURE 7. Annual mean abundance of larval Paralichthys californicus collected at CalCOFI stations off southern
California from 1951–81, and annual southern California commercial landings of P. californicus from 1951–81
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The ANOVA model showed a pattern of interannual California larval abundance index values in general agree-
ment with trends in the California commercial landings (Figure 8), and even closer agreement was obtained between
California commercial landings and the larval abundance index for all six CalCOFI zones combined (Figure 8).
Only the relatively low abundance indices for 1951–58 were poorly aligned with landings.

FIGURE 8. ANOVA annual abundance index values for larval Paralichthys californicus from all 1951–81 CalCOFI
stations and from the California stations alone, and 1951–81 annual California commercial landings of P. californi-

cus
The vertical distribution study of larval P. californicus in near-shelf waters showed that larvae were restricted to

the upper 30 m of the water column, and were concentrated in the shallower part of that zone (Table 3 Figure 9).
Overall, about half the larvae were taken in the upper 10 m and about 90% in the upper 20 m. Day/night larval dens-
ity ratios of 4.9 for the upper 10 m and 0.5 for the 10 to 20-m stratum suggest a downward movement of larvae at
night. Surface (Manta net) tows taken in conjunction with the discrete depth tows captured no larvae during the day,
and at night contained the fewest larvae of any stratum in the upper 30 m (1.5 larvae/100 m3).

Overall, mean lengths of larvae from the vertical distribution study were greatest in the surface samples, smallest
in the 0 to 10-m stratum, and increased slightly in the 10 to 20-m and 20 to 30-m strata (Table 4). Within each strat-
um the mean larval length was larger at night than during the day. The disparity between day and night lengths de-
creased with increasing depth: day/night
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ratios of mean length were 0.82 for the 0 to 10-m stratum, 0.94 for 10–20 m, and 0.97 for 20–30 m. Large postflex-
ion stage larvae were taken only in surface tows, and only at night.

TABLE 3. Vertical distribution of larval California halibut at CalCOFI station 90.28, 29 March–5 April 1980.

TABLE 4. Mean larval lengths (mm) of California halibut in the MESSHAI and Manta vertical distribution
study, CalCOFI station 90.28, 29 March–5 April 1980.

Comparison of larval lengths of P. californicus taken in Manta and bongo tows in the 1981 CalCOFI survey sup-
ported the results of the vertical distribution study in that mean larval length overall was about 1.5 times larger in the
Manta samples than in the bongo samples (Table 5). The overall length-frequency distribution in Manta samples was
bimodal about the 2.25-mm and 8.25-mm length classes, while the overall pattern for bongo samples was unimodal
about the 3.25-mm length class (Table 6). The bimodal length frequency distribution of total Manta net catches res-
ulted from opposite day and night distributions (Table 6). Mean larval length in night Manta samples was twice that
of day Manta samples, while mean larval length in night bongo samples was only slightly larger than that of day
bongo samples (Table 5). More than 80% of all day-caught larvae at the surface were in the two smallest size
classes, while over 50% of the night-caught surface larvae were in the four
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largest size classes. In the bongo samples, frequency of occurrence declined with increasing larval length (except
that the 2.25-mm size class was underrepresented), and the largest size classes were absent, both day and night.

FIGURE 9. Mean vertical distribution of larval Paralichthys californicus at CalCOFI station 90.28, 29 March–5
April 1980

TABLE 5. Mean larval lengths (mm) of California halibut collected in the 1981 CalCOFI survey.
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TABLE 6. Length-frequency distribution in 1 mm size classes of larval California halibut collected during the
1981 CalCOFI survey.

Size frequency distributions in CalCOFI samples differed little between larvae collected over the continental shelf
and those collected farther seaward (Figure 10). The offshore larvae contributed slightly smaller proportions of the
2.25-mm, 6.25-mm, and 7.25-mm length classes, and slightly larger proportions of the 3.25-mm, 4.25-mm,
5.25-mm, and 8.25-mm length classes, than the larvae collected at shallower stations. A more striking feature of the
size frequency distribution is the paucity of large larvae in the CalCOFI samples: ca. 80% of the larvae were in the
preflexion stage (Figure 10). In addition to the small catches of large larvae, the 2.25-mm size class was under- rep-
resented in the CalCOFI samples because of extrusion of the larvae through the 0.5-mm mesh. Yolk-sac larvae were
rare in CalCOFI samples, again because their small size and fragility make them highly vulnerable to extrusion.

2.4.1.2. Xystreurys liolepis
A total of 529 larval fantail sole (1272 after adjustment for standard haul factor) were taken in CalCOFI samples
between 1951 and 1981, less than one-seventh the number of P. californicus larvae collected. Few larval fantail sole
occurred north of Sebastian Viscaino Bay, and none was taken north of Point Conception (Figure 11). Larvae were
relatively abundant in Sebastian Viscaino Bay and south of Punta Eugenia to Magdalena Bay. Larvae of X. liolepis
were more coastal than larval P. californicus.

Like P. californicus, X. liolepis apparently spawns throughout the year, but its peak activity is shifted to the
second half of the year. Mean larval incidence usually was less than 1% from January to June, increased to a maxim-
um of 4% in August, then decreased gradually to 3% by December (Figure 12). Mean abundance (number of larvae/
10 m2 in positive tows) was lowest between February and May (ca. 4 larvae/10 m2), increased to a maximum of ca.
10 larvae/10 m2 in August, then declined sharply back to the ca. 4 larvae/10 m2 level before once again irregularly
increasing to ca. 8 larvae/10 m2 in December (Figure 12).
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FIGURE 10. Length-frequency distributions of larval Paralichthys californicus collected at CalCOFI stations over
the continental shelf (< 100 fm bottom depth) and seaward of the shelf (> 100 fm bottom depth), 1951–81. The 2.25
to 4.25-mm size classes correspond approximately to preflexion larval stage, the 5.25-mm class approximately to

flexion stage, and the 6.25 to 9.25-mm classes approximately to postflexion stage
Maps of mean larval incidence and abundance, pooled by quarter, show that incidence was low throughout the

year north of Sebastian Viscaino Bay, except for a slight increase off southern California during October–December
(Figure 13). Highest incidence in Sebastian Viscaino Bay and off central Baja California occurred during the second
half of the year, with a third-quarter peak for the former and a fourth-quarter peak for the latter. Regional abundance
patterns were similar to the incidence patterns, except that the increase off southern California extended over both
the third and fourth quarters, and the highest value for central Baja California occurred during the third quarter,
rather than the fourth quarter.
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FIGURE 11. Geographic distribution and relative abundance of larval Xystreurys liolepis collected in CalCOFI
surveys, 1951–81
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FIGURE 12. Monthly mean incidence and abundance (mean number of larvae per 10 m2 in positive tows only) of
larval Xystreurys liolepis in CalCOFI surveys, 1951–81

2.4.2. Nearshore Surveys
2.4.2.1. Paralichthys californicus
Larval California halibut occurred throughout the year near shore, typically with abundance maxima in spring and in
late summer–fall, and with a minimum in mid-winter (Figure 14, Appendices III, IV). The spring peak usually oc-
curred in March and April each year, while the summer–fall peak was more variable, occurring anytime between
about July and November. Abundance was consistently low in December and January.

This bimodal annual abundance pattern largely reflects preflexion stage larvae, which accounted for approxim-
ately 84% of the total collected. Yolk-sac larvae, which were much less abundant than expected (about 5% of the
total) displayed much the same pattern, with abundance typically higher in March and/or April, and often again dur-
ing 1 or 2 months between July and November; none was collected in December. The small catches of yolk-sac lar-
vae probably reflected extrusion of these small, delicate larvae through the net mesh and damage that precluded
identification of many of the specimens retained. Both flexion stage larvae (about 9% of the total) and postflexion
stage larvae (about 2% of the total) were collected in every month except January, and both tended to display spring
and summer–fall abundance maxima more-or-less concurrently with the younger larvae.
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FIGURE 13. Maps of incidence (above) and mean abundance in positive tows (below) of larval Xystreurys liolepis,
by quarter, in each of four geographic zones; CalCOFI surveys, 1951–81
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FIGURE 14. Interannual and seasonal abundance patterns (mean number of larvae per 10 m2 between the 6-m and
75-m isobaths) of larval Paralichthys californicus (exclusive of yolk-sac larvae) off San Onofre and Stuart Mesa,

California, 1978–86. Sampling began at the Stuart Mesa site in August 1979. Top: monthly mean abundance at each
site; bottom: monthly mean abundance averaged over all surveys pooled from both sites. Monthly means from the

southern California CalCOFI zone are also shown below for comparison
Examination of the 1980 catch data, when samples were taken at weekly intervals, indicated a strong concordance

of temporal abundance patterns for all four larval stages. During that time, minor abundance peaks typically oc-
curred at approximately biweekly intervals for all larval stages.

Average monthly abundance ranged from <0.1 to 42.3 larvae per 10 m2 off San Onofre, and from 0 to 43/10 m2

off Stuart Mesa. Monthly mean larval abundances typically were similar at both sites, except that during 1981 larvae
consistently were less abundant off Stuart Mesa, while during 1983 they usually were less abundant off San Onofre
(Figure 14). Larval abundances increased
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dramatically at both sites beginning in late summer–fall of 1979 and remained elevated through much of 1980
(Figure 14; Appendices III, IV). Subsequently, abundance declined to levels more comparable to 1978-early 1979:
average annual abundance declined steadily through 1985, then began another marked increase in 1986. During the
year(s) of high larval abundance, approximately 108 larvae (nearly 109 in March 1980) were estimated to occupy
the area (ca. 247 km2) shoreward of the 75-m isobath between about Dana Point and Oceanside, California. During
lower abundance years, estimated totals more commonly were on the order of 106–107 larvae (Appendices III, IV).

Mean abundance (number under 10 m2 of sea surface) and density (number per 100 m3) of larval California
halibut were highest between the 12-m and 45-m isobaths (Figure 15). Cross-shelf abundance patterns differed little
between the San Onofre and Stuart Mesa sites (e.g., Table 7), and differed only slightly more between larval stages.
Yolk-sac larvae tended to be most abundant in block D (22 to 45-m depth) and least abundant in blocks A and E,
generally in accord with the overall pattern; however, abundances within each of the five blocks were statistically
indistinguishable from one another at both study sites owing to the small and highly variable catches. Preflexion lar-
vae were significantly more abundant in blocks C and D than elsewhere, and tended to be least abundant in blocks A
and B (Table 7). Flexion stage larvae were distributed similarly, except that only the relatively high abundance in
block D was statistically distinguishable from the very low abundances in blocks A and B (Table 7). Abundances of
postflexion larvae also tended to be higher in blocks C and D, but were statistically indistinguishable between blocks
(Table 7). At both sites, abundance in block A was ranked higher for postflexion larvae than it was for most younger
stages.

In addition to the small differences in cross-shelf abundance between ontogenetic stages, densities within vertical
zones (neuston, midwater, epibenthos) also differed ontogenetically. Overall, the highest average density of larval
California halibut was in midwater, and the lowest was in the epibenthos. This was the case for yolk-sac through
flexion stages; postflexion larvae tended to be most abundant in the neuston (Figures 16, 17).

To further examine the stage-specific differences in cross-shelf and vertical distributions, the SONGS data were
analyzed statistically for patterns of larval density in the 15 cross-shelf strata (5 blocks x 3 water-column layers per
block) sampled. For both preflexion and flexion stage larvae, most of the highest-ranked densities were, as expected,
in midwater. Densities of preflexion stage larvae were significantly higher in the blocks C and D midwater than in
any of the remaining strata (Table 8). The density of flexion larvae in block D midwater was significantly higher
than those in any other stratum except block C midwater (Table 8). In contrast, most of the highest-ranked densities
for postflexion larvae were in the neuston, with block A neuston ranked significantly higher than all epibenthic and
most midwater strata (Table 8).

An examination of the cross-shelf distributions by 1-mm size class of the postflexion larvae collected at San Ono-
fre in 1978 further demonstrated the shoreward and surfaceward shift of older larvae (Figure 17). Densities of the 7
to 8-mm size classes were highest near shore and in the neuston, and transforming larvae (>8 mm) were exclusively
near shore, primarily in the neuston.
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FIGURE 15. Mean abundance of larval Paralichthys californicus in each sampling block of the San Onofre study
site, 1978–85 (N=86 for blocks A–D; N=70 for block E). Each mean is plotted at the mid-depth of its block
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TABLE 7. Results of ANOVA and Student-Neuman-Keuls (SNK) analyses for cross-shelf location of larval Cali-
fornia halibut; 1978–83 data from San Onofre (N=69) and 1979–83 data from Stuart Mesa (N=43). Abundance
data (number under 10 m2) were transformed by log (X+C) prior to analysis (C=1.0 for preflexion and flexion,

0.1 for yolk-sac and postflexion). SNK results are shown with stations ordered from lowest (left) to highest (right)
mean larval abundance; means at stations joined by an underline are not significantly different. The back-
transformed geometric mean abundance is shown below each station. SNK separations were evaluated at

[a]=0.05.

2.4.2.2. Xystreurys liolepis
Larval fantail sole occurred infrequently, usually in small numbers, in the nearshore samples. Larvae displayed a
strong unimodal seasonal pattern, with occurrences only from July through December. Typically, incidence was
highest in September, and abundance was highest in August or September (Figure 18). This largely reflects preflex-
ion stage larvae, which accounted for nearly three-quarters (74.7%) of the total, although seasonal trends for flexion
(24.8% of the total) and postflexion (0.5% of the total) stages differed little from the preflexion pattern. No yolk-sac
larvae were identified in the samples.
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FIGURE 16. Mean density (number per 100 m3) of yolk-sac, preflexion, and flexion stage larvae of Paralichthys
californicus in each cross-shelf stratum, San Onofre, 1978–85. Shading highlights the strata (subjectively selected)

with highest larval densities
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FIGURE 17. Mean density (number per 100 m3) of postflexion stage larvae of Paralichthys californicus in each
cross-shelf stratum, San Onofre. Shading highlights the strata (subjectively selected) with highest larval densities.

Top: all postflexion larvae, 1978–85 (the relatively high mean density in block D neuston was attributable to a large
catch on 7 July 1981; without that datum the mean would have been 0.062 larvae per 100 m3); middle: larvae 7–8

mm long, 1978; bottom: transforming larvae (>8 mm long), 1978
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TABLE 8. Results of ANOVA and Student-Neuman-Keuls (SNK) analyses for location of larval California
halibut in each of 15 sampling sites (5 cross-shelf blocks X 3 vertical strata per block); 1978 through 1983 sur-
veys at San Onofre (N=69). Density data (number of larvae per 100 m3) were transformed by log (X+1) prior to
analysis. SNK results are shown with stations and strata ordered from lowest (left) to highest (right) mean larval
density. Stations are designated A through E; strata are: N=neuston; M=midwater; E=epibenthos. For example,
CM refers to block C midwater. Means at sites joined by an underline are not significantly different. The back-

transformed geometric mean larval density is shown below each site. SNK separations were evaluated at [a]=0.05.
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FIGURE 18. Interannual and seasonal abundance patterns (mean number of larvae per 10 m2 between the 6-m and
75-m isobaths) of larval Xystreurys liolepis off San Onofre and Stuart Mesa, California, 1978–85. Sampling began
at the Stuart Mesa site in August 1979. Top: monthly mean abundance at each site; bottom: monthly mean abund-
ance averaged over all surveys pooled from both sites. Monthly means from the southern California CalCOFI zone

are also shown below for comparison
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Monthly average abundance during July–December ranged from 0 to 8.3 larvae/10 m2 at San Onofre (Appendix
V) and from 0 to 3.4 larvae/10 m2 at Stuart Mesa (Appendix VI); typically, average abundance was less than 1
larva/10 m2 at both sites. None was collected in 1978 or in the first half of 1979, but a large collection was made off
San Onofre in September 1979. This corresponded with the beginning of the dramatic abundance increase noted for
larval P. californicus.

The estimated number of larval X. liolepis occupying the 247 km2 shoreward of the 75-m isobath between about
Dana Point and Oceanside, California, ranged as high as 118 million in September 1979, but more commonly was
much smaller (Appendices V, VI). Typically, larval fantail sole were less than one-quarter as abundant as larval
California halibut.

The highest abundance and highest density of larval fantail sole occurred in block D (22 to 45-m depth) at both
the San Onofre and Stuart Mesa study sites. No larvae were collected near shore in block A, and very few occurred
in block B. Cross-shelf distributions were similar for all three larval stages: all were most abundant in block D, less
abundant both seaward and shoreward, and absent or nearly absent very near shore (Figure 19). The concentration in
block D was more pronounced at San Onofre than off Stuart Mesa for preflexion larvae, but was equally marked at
both sites for the older stages.

Larval fantail sole were collected primarily in midwater and epibenthic samples; very few were taken in the neu-
ston (Figure 20). Vertical distributions shifted downward in the water column ontogenetically: preflexion larvae oc-
curred most frequently (62% of all occurrences) and usually in highest density in midwater samples, flexion larvae
were predominantly epibenthic (63% of all occurrences), and postflexion larvae were exclusively epibenthic. Cross-
shelf distributions contracted concurrently with settlement, so that most postflexion larvae occurred in the block D
epibenthos (Figure 20).

2.5. DISCUSSION
The information on reproduction and early life history of the California halibut provided by the CalCOFI and
SONGS time series has important implications for management of this species. The broad areal coverage during the
first three decades of CalCOFI surveys reveals the extensive distribution of P. californicus along the coast of Baja
California and demonstrates the international character of the management problems. Our estimate that more than
two-thirds of the larval California halibut production occurs in Mexican waters places this species in a well-known
group of transboundary species that includes northern anchovy, Engraulis mordax; Pacific sardine, Sardinops sagax;
yellowtail, Seriola lalandi; white seabass, Atractoscion nobilis; Pacific bonito, Sarda chiliensis; and ocean whitefish,
Caulolatilus princeps. Effective management of these species will require close cooperation between the United
States and Mexico. CalCOFI provides a focus for the research needed to support this management effort and our
study emphasizes the need for continuance of the CalCOFI surveys, and expansion of the present survey design.

The CalCOFI and SONGS time series have provided definitive coast-wide information on spawning seasonality
of P. californicus—information not previously available to fishery managers. Although this species historically was
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FIGURE 19. Mean abundance of larval Xystreurys liolepis in each sampling block of the San Onofre study site,
1978–85, July–December surveys only (N=44 for blocks A–D; N=36 for block E). Each mean is plotted at the mid-

depth of its block
considered a late spring–early summer spawner off California, the CalCOFI time series clearly showed an overall
February peak with minor peaks in July and October, while the SONGS time series showed that nearer shore off
southern California the major peak typically was a little later, in March. In central California waters, little spawning
occurs after the first quarter of the year. Previous regulations, such as the closure of commercial fishing during the
second quarter of the year to protect "spawning" fish (Schott 1977), clearly must have been ineffective since the
closures were after the main spawning period, and before the secondary spawning peak.

63



FIGURE 20. Mean density (number per 100 m3) of larval Xystreurys liolepis in each cross-shelf stratum, San Ono-
fre, 1978–85 (July–December surveys only). Shading highlights the strata (subjectively selected) with highest larval

densities. The number of occurrences of larvae is given in parentheses for each stratum
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The February spawning peak off California is unexpected since it is generally thought that a species with warm-
water affinity residing in temperate waters should spawn later in the year when water temperature is higher. The sea-
sonal pattern of larval abundance off northern Baja California is similar to that off California; however, in Sebastian
Viscaino Bay and off central and southern Baja California, where spawning would be expected to occur mainly
earlier in the year, the minor spawning peak occurs in February and March and the major larval production is in
June–August. Thus, P. californicus is separable into two geographic groups with respect to spawning seasonality:
north of Rosario Bay, Baja California, peak larval abundance is in February–March, while to the south peak abund-
ance is in June–September.

Presumably, the northern stock of California halibut was derived from an ancestral southern population. A shift in
spawning emphasis off California and northern Baja California from summer to late winter–spring to coincide with
the peak in microzooplankton production may have been an adaptation critical to survival north of the ancestral
range. A more general question concerning the seasonal spawning patterns is why does P. californicus exhibit
bimodal spawning seasonality in the northern and southern populations? This pattern of year-round spawning with
late winter–spring and summer–fall peaks is seen in other prominent California Current species such as northern an-
chovy, Pacific sardine, and several sanddab (Citharichthys spp.) species (Moser et al. 1987), and could be inter-
preted as a strategy for maximizing egg production and larval survival. The coincidence of the late winter–spring
spawning peak with the microzooplankton production peak off California and northern Baja California should en-
hance larval growth and survival by providing increased food resources. Furthermore, during this period the offshore
coastal winds tend to weaken and the onshore winds tend to strengthen (Dorman 1982), which may aid in retaining
the planktonic eggs and larvae within the relatively productive coastal zone. For example, Barnett and Jahn (1987)
described a shoreward shift of zooplankton distributions off San Onofre from February to early April, which gener-
ally coincides with the spring peak of larval California halibut abundance.

Following the late winter–spring spawning peak, low reproductive output coupled with intensive feeding by the
adults could provide the energy reserves for another spawning pulse in summer–fall. This summer–fall period fol-
lows the major part of the upwelling "season" and is characterized by weak offshore winds and strong onshore
winds, which again should aid in retaining the planktonic eggs and larvae in the coastal zone where zooplankton
abundance is relatively high (e.g. Beers and Stewart 1970; Barnett 1974; Petersen et al. 1986). A period of relative
reproductive quiescence following the summer–fall spawning peak could once again allow the build-up of energy
reserves for the main reproductive pulse.

Alternatively, the two peaks may represent egg production from different age groups in the population. The pos-
sibility that large halibut behave differently from small and intermediate age classes is intriguing. These large fish
may represent a substantial deep-water segment of the population that undergoes extensive longshore migrations
with brief periods of nearshore residence (M. McCorkle, in Golden 1990). Larval production from this segment of
the population may be proportionately large and may, in part, explain the bimodal nature of spawning and the one-
month lag in peak spawning indicated by
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offshore (CalCOFI) and nearshore (SONGS) ichthyoplankton data. Generally, larger females in fish populations
spawn earlier and longer than smaller size groups and the earlier spring peak indicated by the CalCOFI survey may
represent larval production of large, deep-living females. Clearly, future research should focus on the spawning con-
tribution and seasonality of all age segments of California halibut populations.

The concordance of interannual patterns of larval abundance in the CalCOFI samples and commercial landings
since 1958 is remarkable and reveals the value of ichthyoplankton time series as a fishery-independent analytical
tool. The California halibut fishery has followed the usual trend of stock depletion typical of other fisheries, except
that periods of increased abundance are recognizable at approximately 20-year intervals (Methot 1983; Barsky
1990). The long-standing question of whether these cycles are a phenomenon of fishery effort or population abund-
ance may be resolved by the close fit between larval abundance and the commercial catch. Larval P. californicus
taken in the CalCOFI surveys were predominantly small, recently-spawned (no more than several days old) indi-
viduals that can be considered indicators of spawning biomass. The extraordinary concurrence between the interan-
nual abundance cycles of the larvae and those of the commercial catch suggests that the catch cycles primarily re-
flect halibut abundance (assuming that effort was relatively constant; historical fishery effort data that would allow
evaluation of this assumption are unavailable), and further suggests that ichthyoplankton surveys can be used to as-
sess and monitor the spawning biomass of P. californicus. The CalCOFI survey design, which was intended to
sample the eggs and larvae of wide-ranging coastal pelagic species with little sampling effort over the continental
shelf, nevertheless is suitable for this use. This is demonstrated by the fact that the seasonal larval abundance signal
for P. californicus from these offshore samples is strong and closely tracks the seasonal signals from surveys spe-
cifically designed to sample the shelf habitat (SONGS analysis in this paper, Lavenberg et al. 1986). This coherence
emphasizes the inherent robustness of the ichthyoplankton survey method.

Larval P. californicus seaward of the continental shelf are restricted to the upper 30 m (largely the upper 20 m) of
the water column, where they apparently settle or migrate from the 0 to 10-m stratum to the 10 to 20-m stratum at
night. This nocturnal relocation may be passive, resulting from a cessation of daytime feeding activity, or it may be
an adaptive behavior that reduces losses to invertebrate predators in the surface zone, analagous to the avoidance
mechanisms suggested by Ohman (1988) for invertebrate prey. Over the shallow shelf (13-m bottom depth) larval P.
californicus tend to move downward during the day (Barnett et al. 1984). Whether the apparent difference in vertical
redistribution between the two studies reflects different larval behaviors in the two different habitats studied, or
merely reflects the different vertical scales of the studies is unknown.

Yolk-sac through flexion stage California halibut are distributed similarly over the continental shelf, both within
the water column and with respect to distance from shore. During postflexion, larval distribution over the shelf as
well as seaward of the shelf shifts upward in the water column. The oldest larvae are concentrated nearshore, in the
neuston at night and in the epibenthos during the day (S.H. Kramer, NMFS Southwest Fisheries Science Center,
pers. comm.).
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Shanks (1983, 1988) described a mechanism by which neustonic organisms can be transported shoreward across the
continental shelf in surface slicks that form at the convergence zones over internal wave troughs. The internal waves
propagate across the shelf on the rising tide when the water column is stratified (Winant and Bratkovich 1981), as it
typically becomes, beginning in late spring each year. In southern California, the internal waves have a fortnightly
cycle, with the largest waves occurring during spring tides and smaller waves occurring during neap tides (Cairns
1968). During spring tides the internal waves may break and cross the shelf as a near-bottom tidal bore with accom-
panying surface seaward flow, while during neap tides the internal waves do not break and the accompanying sur-
face slicks may move shoreward (Cairns 1968; Winant and Bratkovich 1981; Shanks 1983). Given this scenario, it
would be predicted that organisms using the internal wave slicks as a shoreward transport mechanism should be neu-
stonic and have an approximately fortnightly (neap tide) abundance cycle (Shanks 1983). The approximately fort-
nightly periodicity of larval halibut catches in 1980, coupled with the predominantly neustonic nocturnal distribution
of the older postflexion stage larvae, is in general accord with this prediction. However, support for the internal
wave transport mechanism is weak since only about half (53%) of the 1980 surveys in which postflexion stage lar-
vae were collected from the neuston were made on a neap tide (another 32% were on, or near, spring tides), and only
half the neap tide collections were made on a rising tide (but all the spring tide collections were on the rising tide).
This support would be stronger if spring tide internal waves usually do not break on the shelf near San Onofre.

Whatever the mechanism(s) involved in the shoreward movement of the older California halibut larvae, they
clearly do become concentrated in the very nearshore zone. This presumably is in preparation for settlement as
transforming juveniles along the shallow open coast and in adjacent bays (Kramer 1990). The epibenthic diurnal dis-
tribution of the older larvae in the nearshore zone might be interpreted as habitat sampling in preparation for as-
sumption of the benthic juvenile mode.

Larval fantail sole employ a much different strategy. Rather than moving into the very nearshore zone, larval fan-
tail sole settle into the epibenthos farther seaward on the shelf, with the postflexion stage concentrated near the bot-
tom in the 22 to 45-m depth range. Transformation to the juvenile presumably occurs there. For example, Love et al.
(1986), reporting on otter trawl collections in the 6.1 to 18.3-m depth range along the southern California shelf,
noted that juvenile fantail sole recruited to the deepest stations.

The vastly different benthic recruitment strategies of P. californicus and X. liolepis preclude potential competition
between the early juveniles of these species. Early benthic juveniles of both are morphologically similar and have
potentially overlapping feeding habits (M. J. Allen, MBC Applied Environmental Sciences, pers. comm.; Allen
1988). Transforming larvae of P. californicus settle in the immediate nearshore zone and the juveniles utilize embay-
ments and lagoons as nursery areas (Allen 1988; Kramer 1990), while X. liolepis recruits to deeper shelf waters and
does not utilize estuarine nursery areas. Thus, the early juveniles of these two species are spatially separated and po-
tential trophic competition is avoided by effective partitioning of the nearshore habitat. Older juveniles of the two
species do co-occur after P. californicus juveniles leave the
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estuarine nurseries and move onto the shelf; however, by this time they have diverged trophically, with X. liolepis
becoming specialized to feed on the bottom, primarily on slow-moving crustaceans, while P. californicus preys
above the bottom, primarily on fish and fast-moving crustaceans (Allen 1982; Plummer et al. 1983).
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ABSTRACT
California halibut, Paralichthys californicus, were reared for 2 months after hatching in 300-L tanks with flow-
through seawater systems to observe development and test culture techniques. Larvae were subjected to two temper-
atures (16°C and 20°C) and two feeding levels (low and high rotifer densities). Growth was significantly greater at
the higher temperature and the higher food density; the largest juveniles (mean standard length of 14.8 mm) were the
result of a combination of high temperature and high food density. Development was also faster at 20°C than 16°C,
resulting in metamorphosis occurring sooner.

INTRODUCTION
The California halibut, Paralichthys californicus: Paralichthyidae, is one of the most economically important fish
species off southern California. Since the early 1900s, however, sport and commercial catches have fluctuated
greatly and undergone an overall reduction (Methot 1983). Although the adult population is monitored through catch
data (Reed and MacCall 1988), relatively little is known about the early life history of halibut. Coastal ichthyoplank-
ton surveys indicate that spawning occurs year-round in the nearshore area (1–20 km) of southern California, with
peaks of larval abundance in winter and spring (Lavenberg et al. 1986). High densities of newly settled halibut lar-
vae and juveniles have been collected in shallow inshore areas (Allen 1988; Kramer 1990), indicating that shore-
ward transport or migration occurs at some point during early development.

85



Since the year-class strength of a fish cohort may be strongly affected by survival during the first few months of
life (Hjort 1914, 1926; Hunter 1976), knowledge of influencing factors during this period is important in effectively
managing a fishery. Thus, one of our primary objectives was to gather basic information concerning the develop-
ment of halibut early life history stages. An additional long-term goal of interest to the California Department of
Fish and Game was to develop methodology to rear larval halibut with the ultimate purpose of enhancing ocean pop-
ulations through juvenile release.

This paper describes halibut culture from eggs to 2-month-old juveniles. Larval and juvenile fish growth and sur-
vival can be affected by a variety of factors, such as temperature (Laurence 1975; Buckley 1982; McMullen and
Middaugh 1985), food quality and availability (Houde 1978; Ablett and Richards 1980; Benavente and Gatesoupe
1988), daylength (Tandler and Helps 1985; Duray and Kohno 1988), container size (Blaxter 1962; Theilacker 1980),
fish density (Gadomski and Petersen 1988) and water quality (Brownell 1980a, 1980b). If all other environmental
parameters are adequate, however, temperature and food probably have the greatest influence; thus, we examined
the effects of these two factors on growth and, additionally, noted how developmental rates were temperature de-
pendent.

METHODS
Egg Collection
Fertilized halibut eggs were obtained from fish spawning naturally in an outdoor 5-m diameter, 2.5-m deep redwood
tank with a coastal seawater source. Drain water was strained through a 333-[u]m mesh net system to collect floating
eggs from brood stock spawns. Under ambient daylength and temperature conditions, spawning periodicity varied
yearly; for a more detailed description of spawning, see Caddell et al. (1990).

Larval and Juvenile Rearing
The following set of larval rearing procedures, determined from preliminary experiments, was defined as our con-
trol. Eggs were stocked in black fiberglass 300-L tanks (diameter: 1.25 m; depth: 0.25 m) at densities of 60–70/L. At
16°C, halibut larvae begin to feed 4–5 d after hatching (after complete eye pigmentation), and at the age of about 1
month, metamorphosing larvae settle to the bottom. At first-feeding, rotifers, Brachionus plicatilis, were added at
densities of 15–20/ml. Rotifer densities were determined daily in the rearing tanks and replenished to 15–20/ml. To
determine rotifer density in a rearing tank, the water was gently stirred and nine 10 ml samples were extracted using
a pipette from locations spaced evenly throughout the tank. The resulting 90 ml was mixed; 10 ml was subsampled
and rotifer numbers counted under a compound microscope. Since larvae are visual feeders, food was added to tanks
early in the day to maximize feeding potential. At 3 weeks after hatching, newly hatched brine shrimp, Artemia sp.,
nauplii were added to excess (a tank density of about 5/ml) along with rotifers. At this time, rotifer density was
gradually decreased, although larvae will continue to ingest rotifers until larval settlement.
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Ambient water was pumped from a coastal intake with a salinity of about 34–35 [o/oo]. Before water entered the
larval rearing tanks, it was circulated through a pressurized sand filter, an oyster-shell and activated-carbon biofilter,
a 15 [u]m mechanical filter, ultraviolet sterilization, and a small chiller. Tank drains were covered with 333 [u]m
mesh plastic netting to avoid losing eggs and larvae; netting with mesh small enough to filter out rotifers (about
50–100 [u]m) was found to be impractical due to rapid clogging. To avoid damaging eggs and yolk-sac larvae, water
was not changed in larval tanks until first-feeding except to siphon out detritus. After first-feeding, water was
changed for 2 h in the morning (at a flow rate of about 1 L/min) before feeding to avoid flushing newly added roti-
fers out of the tank. About 2 weeks after hatching, water input increased to continuous overnight flow, with no flow
during daylight to minimize food loss; a month after hatching, flow was constant. Water quality measurements of
ammonia, dissolved oxygen, and salinity were conducted at least weekly to assure that normal conditions were
maintained. Initially (eggs and young larvae) air was slowly bubbled through an air stone; air flow was increased
with larval development. Light was supplied by fluorescent bulbs (0.3 x 10 15 quanta/[sec.cm 2]) in cycles simulat-
ing natural conditions (14 h light, 10 h dark).

Halibut were cultured in four tanks for 2 months (61–63 d) after hatching. Rearing conditions were as outlined for
the control tank except for the parameters being studied. We tested two temperatures, 16°C and 20°C, and two feed-
ing regimes at each temperature, defined as "high" and "low" food levels. At high food levels, rotifers were replen-
ished to 15–20/ml daily during the first 3 weeks. After this period (or slightly sooner at the high temperature, due to
faster larval development), brine shrimp nauplii were also added to excess and rotifer densities were gradually de-
creased. At low food levels, rotifers were replenished every 2 d to 10/ml, and brine shrimp nauplii were first added 4
instead of 3 weeks after hatching; rotifer densities were gradually decreased at this time. Higher water temperatures
were established using small aquarium heaters. After tanks were stocked with eggs, temperatures were raised
1.0–2.0°C/d from ambient values of about 16°C. Experimental temperatures, 16°C and 20°C, were maintained with-
in 0.5°C.

To determine growth, 15–30 larvae or juveniles were removed approximately weekly from each tank, and noto-
chord, flexion, or standard lengths of live anesthetized specimens were measured. Dry weight was determined by air
drying specimens 7 d on filter paper and weighing them as a group on an electrical beam balance. Development
rates at 16°C and 20°C were determined by daily observations of larvae or juveniles in 300-L tanks with "high"
feeding levels. Additionally, we noted the development of specimens removed weekly for growth studies. Signific-
ant developmental stages were defined using criteria of eye pigmentation, yolk utilization, notochord flexion, dorsal
ray elongation, eye migration, and scale formation.

Growth equations for each tank were derived using least-squares regression analysis. Final lengths were compared
between food and temperature treatments using two-way analysis of variance (ANOVA).
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RESULTS
Development
Halibut eggs are buoyant and about 0.80 mm in diameter (SD = 0.03; N = 131) with one 0.14 mm oil globule. De-
velopment rates of eggs, larvae, and juveniles are temperature dependent. At 16° and 20°C, eggs hatch in 50 and 34
h, respectively (Gadomski and Caddell 1991). Newly hatched larvae are 1.8–2.0 mm notochord length with large
yolk sacs, unpigmented eyes, and undeveloped mouths. Upon hatching, larvae are positively buoyant for about 0.5 d
until their yolk is partially utilized. They then begin to sink downward, but remain dispersed throughout the water
column by swimming toward the surface. At 16°C, eyes are completely pigmented 4 d after hatching, full yolk de-
pletion occurs 6 d after hatching, and at about 1 month, metamorphosing larvae begin settling to the bottom. Nine
significant stages in development during the first 2 months after hatching were defined (Figure 1):

·(I). Full eye pigmentation.
·(II). Yolk depletion.
·(III). Beginning of dorsal ray elongation.
·(IV). Beginning of notochord flexion.
·(V). (a). Full notochord flexion (standard length); and (b). Settled behavior.
·(VI). Beginning of eye migration.
·(VII). Reduction in elongated dorsal rays.
·(VIII). Majority metamorphosed (settled, with fully migrated eyes and elongated dorsal rays fully reduced).
·(IX). Beginning of scale formation.

Many of the above events are specific to flatfish development. Dorsal ray elongation is characteristic of larvae of
many pleuronectiform fishes (Ahlstrom et al. 1984). Dorsal ray elongation of larval halibut begins with the second
dorsal ray and progresses until five rays are elongated. Larval eye migration occurs in all species of flatfish, which
hatch with an eye on each side of the head. Halibut can be either left or right eyed—we have observed about 50% of
each in laboratory-spawned larvae. When a larva had achieved full notochord flexion (standard length), a more
settled behavior pattern was exhibited, with the larva lying on the tank bottom for intervals (although often swim-
ming up to feed). Eye migration began a few days later, and by the time an eye was on the top of the head, elongated
dorsal rays were noticeably reduced. By approximately 8 mm standard length (SL), larvae had completely migrated
eyes, normal length dorsal rays, and a primarily benthic lifestyle.

Scale formation was not evident until after settlement, when fish were about 12 mm SL. Scales were first formed
on the midline of the caudal peduncle and along the lateral line. After settlement, many fish developed pigmentation
abnormalities, resulting in a partial or almost total white appearance instead of the normal dark dorsal coloration
(Figure 2). Although pigmentation abnormalities in cultured flatfishes are often termed "albinism," melanophores
were present in the epidermis of halibut, but at a much lower density than normal.

88



FIGURE 1. Development of halibut for two months after hatching at two temperatures (16°C and 20°C). Mean no-
tochord, flexion, and standard lengths (N = 20–30) are presented. For a more complete description of development-

al stages, see text. It should be noted that the length that corresponds to a developmental stage is the mean length
when a majority of larvae in the tank were at that stage, not the length of an individual larva. For example, a larva
completed metamorphosis at about 8 mm SL, but the mean length when a majority of larvae had metamorphosed is

slightly shorter
Both growth and development were faster at 20°C than at 16°C; thus, larval size at a developmental stage was

similar at both temperatures (Figure 1). Faster development at the higher temperature was evident even in early
stages; eye pigmentation and yolk depletion occurred about 1 d sooner. By the age of 1 month, most larvae at 20°C
had completed settlement, whereas a majority had not settled until about 10 d later at 16°C (Figure 1). At 20°C,
scale formation started a few weeks after settlement, while at 16°C, scales were only evident on a small percentage
of fish by the end of the 2-month grow-out period.

Growth
Both temperature and feeding significantly affected halibut growth (Table 1); final mean standard lengths of
2-month-old halibut were greater at 20°C than at 16°C and at the high versus the low food level. There was no signi-
ficant
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FIGURE 2. Pigmentation patterns of 3-month-old halibut. The upper fish has normal dark dorsal coloration, while
the lower is very lightly pigmented
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interaction between the temperature and food treatments (Table 1). The largest 2-month-old halibut (mean standard
length of 14.80 mm [SD = 2.16, N = 30]) were reared at 20°C and fed at the high food level (Figures 3 and 4).

TABLE 1. Temperature and food level effects on standard lengths of 2-month-old halibut.
Within a tank some fish grew faster than others resulting in greater variability in size and developmental stage

with time. For all four tanks, coefficients of variation of length were greater on the last few days of measurements
(12–28%) than on previous days, when coefficients of variation were 3–10%. Growth at 20°C and the high food
level was greater than all other treatments throughout the grow-out period (Figures 3 and 4), although on day 55,
mean size decreased slightly, possibly due to a sampling bias. In contrast, fish at 20°C and the low food level ini-
tially grew fairly slowly, but final mean size was significantly greater than at 16°C and high food (t-test, P < .05).

Based on comparisons of R-squared values, larval growth was better described by exponential relationships
(presented in Figures 3 and 4) than by simple linear equations. R-squared values for natural log transformed length
versus time were 1–9% higher than for fits of untransformed length. R-squared values for natural log transformed
weight versus time were 10–34% higher than linear fits, except for the treatment of high food and 20°C, where R-
squared values were the same (93%) for both transformed and untransformed weight versus time.

DISCUSSION
Survival of larval fishes is dependent upon the availability of food at adequate concentrations; survival is greater at
higher food densities (Houde 1978; Werner and Blaxter 1980). Larger larvae can eat larger food items such as brine
shrimp nauplii and copepods, and the minimum necessary concentration is relatively
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FIGURE 3. Growth of halibut for 2 months after hatching at two temperatures (16°C and 20°C) and two feeding re-
gimes ("Low" and "High" food levels: see text). Mean notochord, flexion, and standard lengths (N = 15–30) are

presented. Growth equations and R-squared values were derived using lengths of individuals
low (Wyatt 1972; Houde 1978; Werner and Blaxter 1980). Larvae ingesting small prey types such as rotifers,
however, may require high densities for best survival (Lasker et al. 1970; Theilacker and McMaster 1971; Hunter
and Kimbrell 1980). Preliminary feeding experiments we conducted in 3-L containers (with an initial stocking dens-
ity of 25 halibut eggs/L) resulted in a significantly higher mean survival 18 d post-hatching at 10 rotifers/ml (47.3%
survival) than 5 rotifers/ml (14.7% survival; t-test, P < .01; Gadomski and Caddell, unpublished data). Although not
rigorously quantified in the current study, survival of halibut larvae in 300-L tanks appeared greater at the higher
tested rotifer density; we visually estimated about 50% survival soon after larval settlement at 15–20 rotifers/ml
versus only 10% survival at 10 rotifers/ml. It should be noted, however, that reported tank food densities are means
of the initially replenished densities. In reality, distributions of both rotifers and brine shrimp nauplii were patchy,
with aggregations often in the brightest section of a tank. Additionally, mean tank food densities dropped as inges-
tion proceeded and as food was flushed out during water changes.

Faster growth at higher food densities has been demonstrated for larvae of many fish species, among them bay an-
chovy, Anchoa mitchilli; lined sole, Achirus lineatus; sea bream, Archosargus rhomboidalis, (Houde 1978); herring,
Clupea harengus, (Werner and Blaxter 1980); and silversides, Menidia peninsulae,
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FIGURE 4. Growth of halibut for 2 months after hatching at two temperatures (16°C and 20°C) and two feeding re-
gimes ("Low" and "High" food levels: see text). Mean dry weights (N = 15–30) are presented. Growth equations
and R-squared values were derived using mean weights instead of individual weights because (due to small indi-

vidual size) specimens in a sample were weighed as a group
(McMullen and Middaugh 1985). A complicating factor in our study, however, was that with time fish density in a
tank decreased due to mortalities and sampling, which resulted in more food per larva and perhaps affected growth
rates. A possible example of this was at 20°C and the low food level. Growth was initially slow, probably as a result
of inadequate food due to higher metabolic demands at the higher temperature (Laurence 1975; McMullen and Mid-
daugh 1985); eventually many larvae died and growth appeared to increase. Recovery growth of food-deprived lar-
vae has been reported for diamond turbot, Hypsopsetta guttulata (Gadomski and Petersen 1988); whitefish, Corego-
nus lavaretus; and peled, Coregonus peled (Dabrowski et al. 1986a, b); although seemingly faster growth may be an
artifact of size-selective mortality of smaller, less robust individuals (Rosenberg and Haugen 1982). An additional
factor was the introduction of a different food type, brine shrimp nauplii, during the last month, which might have
alleviated a food-limiting situation.

Halibut larvae grew faster at 20°C than at 16°C. Both temperatures are within ranges encountered in the field.
Halibut eggs and larvae are abundant from winter through spring when surface temperatures are usually 13–17°C,
but spawning can occur in summer when surface waters may reach 22°C (Lavenberg et al. 1986; Petersen et al.
1986). Juveniles in inshore waters during summer
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months commonly experience temperatures above 20°C, and shallow areas may be as warm as 24°C (Kramer 1990).
Temperature-induced faster growth rates in our study resulted in larvae metamorphosing sooner; most fish at 20°C
had settled by 1 month at a standard length of about 8 mm, whereas at 16°C, settlement (at about the same size) took
approximately 10 d longer. Increased developmental rates at higher temperatures have been shown for other flatfish
species, among them winter flounder, Pseudopleuronectes americanus, (Laurence 1975) and summer flounder, Para-
lichthys dentatus, (Johns et al. 1981). Similarly to our studies on halibut, variations in length at a developmental
stage of laboratory-reared winter flounder were low and were less than variations in age (Chambers et al. 1988).

Halibut length-versus-time growth curves level out somewhat during metamorphosis, and slightly higher growth
is again evident after this period (Figure 1). This growth pattern was also reported for the flatfish Limanda yoko-
hamae by Fukuhara (1988), who noted that although growth as measured by length had slowed, body height in-
creased, and many other morphological changes were occurring. Similarly to halibut, L. yokohamae exhibit settled
behavior before complete metamorphosis, which Fukuhara attributed to "a strategic behavior for avoiding predators
and to compensate for poor swimming capability in the late pelagic stages of larval life."

Many juvenile halibut had abnormally light pigmentation. Pigment abnormalities have been documented in other
reared flatfish, such as plaice, Pleuronectes platessa, (Shelbourne 1965) and turbot, Scophthalmus maximum, (Heap
and Thorpe 1987). Abnormal pigmentation is not necessarily detrimental; in fact, malpigmented juvenile turbot were
reported by Heap and Thorpe (1987) to grow faster than normally pigmented turbot. The interaction between chro-
matophore development and environmental conditions is poorly understood. Parameters that may affect pigmenta-
tion include unnatural light levels (DeVeen 1969), stocking density (Klein-Macphee 1981), temperature (Shelbourne
1964; Dawson 1967; Moore and Posey 1974) and the lack of suitable substrata (Stickney and White 1975).

Inadequate nutrition might also have influenced both chromatophore development and growth. Although halibut
larvae in the laboratory settled at the same size (8 mm SL) and at about the same age (1 month) as those in the field,
field growth after metamorphosis is faster than laboratory growth, about 1–2 cm/month (Allen 1988) versus our fast-
est post-settlement growth rate of 0.7 cm/month. Additionally, mortality rate in the laboratory increased after settle-
ment, and greatly accelerated when fish were a few months old (Gadomski, unpublished data). This was probably
largely due to the inadequate size of brine shrimp as juveniles grew, but poor nutrition during both the larval and ju-
venile stages may also have been a factor. For normal development of laboratory-reared fish, it may be necessary to
supplement a diet of rotifers and brine shrimp with other food sources (Lasker et al. 1970; Kuhlman et al. 1981). At
this time, however, we have not found other foods larval and juvenile halibut will readily accept that are also feas-
ible to use in a large-scale hatchery operation.
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ABSTRACT
The size-specific distribution and abundance of juvenile California halibut, Paralichthys californicus, were determ-
ined for bay and open-coast habitats using a random sampling design stratified by depth. The pattern of settlement
differed over the two-year study. Halibut settled in the bays in 1987 and primarily on the open coast in 1988. Al-
though there was settlement on the open coast in 1988, nearly all juveniles between 60 and 100 mm standard length
(SL) were in the bays. This suggests that juveniles that settled on the open coast eventually moved into bays or died.
The density of juvenile halibut was greatest in the bays with highest recorded densities in the shallow shoreline hab-
itats where depth was [<] m. Nearly all juveniles > 220 mm SL occurred on the open coast with movement of juven-
iles from the bays to the open coast beginning at about 140 mm SL. These results suggest that the bays are probably
essential habitats for juvenile growth and survival.

INTRODUCTION
Processes used by flatfishes to select and settle in appropriate juvenile nursery areas are not known. The larvae of
flatfishes that live on the continental shelf as adults are widely distributed over the shelf. The oldest and largest lar-
vae are found closest to the area where settlement occurs (Weinstein et al. 1980; Barnett et al. 1984; Roper 1986;
Boehlert and Mundy 1988).

Utilization of shallow water nursery areas by juvenile flatfishes is common (Edwards and Steele 1968; Weinstein
et al. 1980; Roper and Jillett 1981; Poxton
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et al. 1982; Krygier and Pearcy 1986; Rogers et al. 1989). Evolution of complex life histories involving the selection
of specialized juvenile nursery areas suggests that these habitats present greater potential for increased fitness by in-
creasing growth opportunities, decreasing the risk of mortality, or both (Werner and Gilliam 1984; Werner 1986).
Density of individuals within these habitats reflects habitat preference with highest densities considered to be indic-
ative of optimal habitats (Fretwell 1972).

California halibut, Paralichthys californicus, is a commercially important flatfish off southern California that util-
izes embayments as nursery areas (Haaker 1975; Allen 1988). Adults inhabit coastal waters less than 100 m deep
with greatest abundance at depths less than 30 m (Miller and Lea 1972; Allen 1982). Adults spawn throughout the
year with peak spawning in spring (Lavenberg et al. 1986; Walker et al. 1987).

Eggs and larvae occur over the shelf with greatest densities in waters less than 75 m deep and within 6 km of
shore (Frey 1971; Ahlstrom and Moser 1975; Gruber et al. 1982; Barnett et al. 1984; Lavenberg et al. 1986; Walker
et al. 1987). California halibut have a relatively short pelagic larval stage, transforming and settling to the bottom at
a smaller size (7.5–9.4 mm) than most coastal flatfish (Ahlstrom et al. 1984). The planktonic stage probably lasts
less than one month; laboratory reared halibut begin to settle to the bottom 20 d after hatching when they are 7–8
mm standard length (SL) (Gadomski and Petersen 1988).

Newly settled and larger juvenile halibut are frequently taken in shallow water embayments (Haaker 1975; Allen
1988) but not on the open coast (Allen 1982; Plummer et al. 1983). However, nearly all of the sampling on the open
coast has been at depths greater than 10 m and with mesh too large to catch newly settled halibut (Plummer et al.
1983; Allen 1988). In southern California, shallow coastal areas comprise a much larger fraction of the potential
nursery habitat than do embayments. The objectives of this paper are to determine the extent of the dependency of
juvenile halibut on embayments relative to shallow coastal habitats, and to describe the habitats where most juven-
iles are found and how habitat preference changes over time.

MATERIALS AND METHODS
Collections were taken with bottom trawls on the open coast and in bays to determine time and location of settle-
ment and to estimate habitat-specific density and abundance of juvenile California halibut. I used a random sampling
design stratified by depth. Open coast sampling areas were four blocks representing 40 naut mi of coastline; two
blocks were adjacent to bays and two were distant from bays (Figure 1).

The two bays sampled were Mission Bay and Agua Hedionda Lagoon, each divided into blocks of similar habitat
type, resulting in five blocks in Mission Bay and three in Agua Hedionda Lagoon (Figure 1). Blocks were numbered
according to their distance from the opening of the bay; the lowest numbered block (1) was the farthest from the
opening of the bay to the sea (Figure 1).

Sample locations were assigned randomly within three depth strata for each block. On the open coast, the depth
strata sampled were: 5 m (near the first breaker line) to 8 m; 9–11 m; and the deepest stratum, 12–14 m. In bays, the
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FIGURE 1. Map of location of sampling blocks. Open coast blocks are 1) San Onofre, 2) adjacent to Agua Hedi-
onda Lagoon, 3) Torrey Pines, and 4) adjacent to Mission Bay. The two bays sampled are Agua Hedionda Lagoon

and Mission Bay with sampling blocks denoted
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depth strata ranged from < 1 m ("shoreline"); to 1–2 m ("open water," close to shore where it was possible to sample
with a skiff); and to 2–4 m (near the center of the block). Three to four trawls were taken per depth stratum each
month. Collections were taken monthly for 2 years beginning in September 1986 in Mission Bay and on the open
coast and in March 1987 in Agua Hedionda Lagoon; last collections were taken in September 1988. Over 3300 col-
lections were taken (Table 1).

TABLE 1. Total number of hauls using various gear types taken between September 1986 and September 1988 lis-
ted by block.

I used beam trawls lined with 3-mm mesh netting for all collections on the open coast and many of those in bays,
since these trawls have a fixed mouth opening allowing quantitative assessment of fish density (Krygier and Pearcy
1986). Two trawls were used: a 1.6-m wide beam trawl fished from a small research vessel (15 m) and a 1-m wide
beam trawl fished from a 6-m skiff or pulled by two people in shallow water ([<] 1 m). Most bay sampling was con-
ducted from the skiff with the 1-m beam trawl, and coastal collections were taken with the 1.6-m beam trawl (Table
1). Beam trawls were calibrated by comparing overlapping monthly samples taken in Mission Bay.

Trawls were fitted with a wheel and revolution counter to determine the distance travelled by the trawl on the bot-
tom (Krygier and Horton 1975). Tow speed was approximately 1.5 knots; duration was 5 min in bays and 10 min on
the coast. Tows were taken during daylight hours. No collections were made on the open coast in November 1987 or
by skiff in bays in December 1987.
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A 1-m by 6-m beach seine with 3-mm mesh was also used in shallow water (depth [<] 1 m). The beach seine was
pulled parallel to shore along a measured distance of 20–50 m while maintaining a constant mouth opening (a 4-m
line was stretched between the brails).

All flatfishes taken in trawls and seines were measured (standard length in mm) and the station depth, surface and
bottom temperatures, and salinity (bays only) recorded. Salinity was not taken on the open coast because the re-
fractometer was accurate to only 1 ppt.

To describe the relationship between size and density of halibut and habitat type, halibut were grouped by 20-mm
length classes for all analyses. These are denoted as follows: "20" refers to fish [<]20 mm; "40" refers to fish 21–40
mm; continuing up to "> 220" which refers to all halibut > 220 mm. Densities are in number of halibut per hectare.
Analysis of variance (ANOVA) with an accepted significance level of p[<]0.05 was used to analyze the data except
where noted.

The area of each block or habitat type was calculated by digitizing navigation charts or maps. Only areas desig-
nated as "fine grey sand" or "sand" on coastal charts were used in the area estimates.

The largest bay in southern California, San Diego Bay, is about 5 mi south of the study area and is severely modi-
fied by dredging and pollution (Figure 1). For purposes of comparison, San Diego Bay was sampled in July 1988
and results compared to Mission Bay and Agua Hedionda Lagoon.

Gear Comparison
To compare the catch of California halibut taken in the 1.6-m beam trawl, the 1.0-m beam trawl, or the beach seine,
it was necessary to weight the data for differences in the selectivity between these gear types. To compute the
weighting coefficients, I used the densities of California halibut in 20-mm length classes when hauls using more
than one type of gear were taken in the same block. The 1.6-m beam trawl and 1.0-m beam trawl densities were
compared over the common trawling stations sampled within a 1-week period in Mission Bay (blocks 2–5). The
1.0-m beam trawl and 4.0-m beach seine densities were compared by sampling over common areas (shoreline areas
in both Agua Hedionda Lagoon and Mission Bay) and were sampled on the same day.

Weighting coefficients and their variances were determined using a three-way ANOVA (Sokal and Rohlf 1981). I
corrected all density (number of halibut/hectare) and abundance estimates of California halibut for the differences in
gear efficiency by weighting the mean density and variance for each length class where significant differences in
catchability were found. The weighted mean density (number/hectare) was calculated as dw = (d1 + gd2) / (1 + g)
where d1=unweighted density, d2=weighted density, and g=weighting coefficient.
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Estimated variance of the weighted mean dw was calculated as V(dw) = V(d1) + g2V(d2) + d2
2V(g) +

V(g)V(d2) where V(d1)=variance of unweighted density, V(d2)=variance of weighted density, and V(g)=variance of
weighting coefficient. Variance estimates were underestimated because the covariance terms were not included.
Resampling techniques to estimate variance were impractical because of the large size of the database.

In addition to the beam trawl and beach seine, a catch comparison was also made between the 1.6-m beam trawl
and a standard otter trawl (foot rope length 7.5 m with 1.3-cm stretch mesh cod-end liner; Mearns and Allen 1978)
in San Diego Bay in June and July 1988. This otter trawl has been used extensively in studies of southern California
shallow water habitats, whereas the beam trawl had never been used before. Estimation of weighting coefficients for
the otter trawl provides information on the upper size limits of halibut captured by the beam trawl. Weighting coeffi-
cients were determined for 50-mm length classes by summing the total catch over the total area sampled for each
gear type.

RESULTS
Description of Habitats
Open Coast
The southern California shelf is relatively steep and narrow with an average width of 6.5 km (Emery 1960)
throughout the region sampled, compared to the shelf along the east coast of the U.S. which averages 100 km
(Emery 1960). Only 10–20% of the Pacific coast consists of estuaries and lagoons compared to 80–90% on the At-
lantic coast (Emery 1967). Although narrow, the southern California shelf is a much larger fraction (89%) of the
shallow water habitat (depth [<] 14 m) than bays, which are relatively few and small (11%; Table 2).

On the shallow open coast (depth [<] 14 m), temperatures were coldest in the winter and spring, with highest tem-
peratures in the fall (Figure 2). Dense accumulations of drift algae in shallow water outside the surf line were com-
mon on the bottom after large storms or high surf events.

Bays
The two bays sampled, Mission Bay and Agua Hedionda Lagoon, are open to the ocean throughout the year. Salinity
in the bays was about the same as seawater (annual mean salinity at the Scripps Institution of Oceanography pier
was 33.48 ppt in 1986 and 33.47 ppt in 1987) except during heavy rainfall when runoff decreased salinity to as low
as 26 ppt (Figure 3). The occasional declines in salinity were short in duration and were most marked in the blocks
that were farthest from the entrance to the sea.

The shoreline habitat (depth [<] 14 m) of bays was the most variable in temperature and salinity and was strongly
affected by runoff (Figure 3). Eelgrass, Zostera sp., beds bound the outer edge of the shoreline habitat and the bot-
tom is composed of sand or sandy mud.
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TABLE 2. Estimated area of sample blocks in hectares.

FIGURE 2. Monthly mean temperature (°C) of each habitat type
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FIGURE 3. Salinity (ppt) in Agua Hedionda Lagoon and Mission Bay by habitat type
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Agua Hedionda Lagoon and Mission Bay differ in shape and in the extent of anthropogenic modification. The
mouth of Agua Hedionda Lagoon is extended by short jetties into coastal water < 4 m deep and surf breaks across
the opening. The outermost section of the lagoon is used by the Encina power plant for intake of cooling water and
is dredged yearly to prevent filling by sand. The back part of the lagoon, with depths of less than 3 m, is not
dredged. Mission Bay is a harbor with large jetties extending out to deeper coastal water (about 10 m) and the en-
trance and most of the bay is dredged to depth of at least 4 m. There are several other embayments in the study area,
but they were closed by sand bars nearly all year and are much smaller than Agua Hedionda Lagoon.

Habitat types within the bays varied with the distance from the opening. The shallow coastal sediments are com-
posed of sand with coarsest grain size found in shallow sediments exposed to waves and strong currents (Emery
1960). Measured grain sizes at the entrance to Mission Bay were 236 µm (Dexter 1983). Tidal currents deposit sands
at the entrance to bays, but farther into bays, as circulation decreases, sediments of smaller grain sizes accumulate
(Warme et al. 1976). Measurements taken in Mission Bay indicate that grain size remains fairly large (up to 160 µm)
as far as 2 km into the bay in the channels with strong tidal currents (Dexter 1983). Runoff into bays deposits silts
and clays (<60[u]m) which remain in areas with low circulation (Warme et al. 1976).

In the outer portions of bays where tidal circulation was strong, the bottom was usually dominated by eelgrass
beds which represented a significant proportion of the bottom habitat in bays (nearly 25% in Agua Hedionda La-
goon; Bradshaw et al. 1976). The distribution of eelgrass is limited to areas in bays where the bottom substrate is
stable and water is sufficiently clear for photosynthesis. Eelgrass beds were found in Mission Bay in blocks 2
through 5 and in Agua Hedionda Lagoon in blocks 2, 3, and the westernmost portion of block 1.

Farther into bays, the areas with poor circulation were dominated by invertebrate fauna including colonial bryozo-
ans and sponges (Tetillidae). These areas included block 1 in Agua Hedionda Lagoon and blocks 1 and 2 in Mission
Bay (Figure 1).

Gear Comparison
Interaction between gear type and block was usually not significant. Density calculated from the catch taken in the
1.6-m beam trawl was similar to that taken in the 1.0-m beam trawl when halibut were less than 80 mm, but for
halibut > 80 mm they were significantly different (Table 3). The larger 1.6-m beam trawl captured more halibut > 80
mm than did the 1.0-m beam trawl.

Densities obtained by the 1.0-m beam trawl and 4.0-m beach seine were significantly different for the 40-, 60-,
and 100-mm length classes (Table 3). The beach seine was a less effective sampler than the beam trawl; the 1.0-m
beam trawl captured more halibut in all cases.

Comparison of the 1.6-m beam trawl and the 7.5-m otter trawl indicate that the beam trawl captured more small
halibut ([<]20mm) per unit area than did the otter trawl, but the otter trawl captured more large halibut (> 200 mm)
per unit area than did the 1.6-m beam trawl (Table 3).
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TABLE 3. Gear weighting coefficients and their variances by length class. Coefficients determined by 3-way AN-
OVA between gear types, blocks, and month of sample on density for each length class. Correction terms are giv-

en for length classes with significant gear effects (P[<]0.05).

Temporal and Spatial Variation in Halibut Density
Catch Variability in Time and Space
Density of halibut is variable in both space and time. I tested for differences in variability in space and time using
ANOVA on only three size classes—the smallest (20[<]mm), an intermediate length (141–160 mm), and a larger
length class (201–220 mm)—assuming that the results obtained for these length classes applied to intermediate
length classes. Significant differences in density by month and by block were found for all length classes with no
significant difference found for the effect of year on the density of the smallest ([<]20mm) and largest (201–220
mm) length classes (Table 4). Although density was highly variable, it was necessary to combine data in time and
space in order to establish important relationships.
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TABLE 4. ANOVA of California halibut density on block, month, and year for three length classes: [<]20 mm,
141–160 mm, and 201–220 mm.

Distribution of Metamorphosing and Newly Settled Halibut
Distribution and abundance of late larval and early juvenile stages of halibut is indicative of preference and suitabil-
ity of habitat for settlement. Metamorphosing halibut with eyes migrating were between 7 and 11 mm SL; by the
time halibut were 12 mm long, eye migration was complete and the fish had acquired juvenile pigmentation patterns
("settlement").

Transforming stages of halibut were captured mostly on the open coast; few were taken in bays (Figure 4). Trans-
forming halibut captured on the coast had larval pigmentation patterns (Ahlstrom et al. 1984) and incomplete eye
migration. Almost all of the halibut captured in bays had juvenile pigmentation patterns and complete eye migration.
All halibut [<]20mm SL were considered "newly settled" in this study regardless of pigmentation or degree of eye
migration.

Density of newly settled halibut differed in time and space over the 2 years of the study. In 1987, newly settled
halibut were found primarily in the first and second quarters, while in 1988 most of the settlement occurred in the
second and third quarters (Figure 5). Most of the halibut settled in bays in 1987, while in 1988 the greatest settle-
ment occurred along the open coast (Figure 5).

The highest density of newly settled halibut encountered in the 2-year study was in the shallow (depth [<]1m)
shoreline habitat in 1987 with the highest mean density for Agua Hedionda Lagoon in March (x=368.9/hectare,
SD=556.9) and for Mission Bay in May (x=84.6, SD=278.2; Figures 6 and 7). The inner block of Agua Hedionda
Lagoon had the highest density of newly settled halibut in 1987 (March x=919/hectare, SD=1373) and was signific-
antly different from all other shoreline habitats (F=2.29, P < .0001). Water temperature in the shoreline habitat was
warmer than the rest of the bay and the open coast in the time of year that newly settled halibut were found (Figure
2).
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FIGURE 4. Number of transforming larvae of the total number of halibut in the 20-mm length class by haul for bay
and open coast habitats

In 1988, newly settled halibut were found along the open coast with highest densities occurring in the second and
third quarters (Figure 5). During this time, the range in monthly mean density of halibut [<]20 mm was highest at
Torrey Pines, between 5.9 and 171.3/hectare (SD=8.2 and 252.7, respectively), and lowest at San Onofre (x=0 to
16.0, SD=22.8).

Significant differences in the density of newly settled halibut existed between the coastal blocks and between the
depth strata within these blocks (ANOVA for blocks F=6.19; for depth F=7.06; P < 0.001). The majority of the
halibut settled in the shallowest strata, [<]8 m (Figure 8). The highest density occurred in the shallowest stratum
(depth [<]8 m) at Torrey Pines (September x=305.0/hectare, SD=278.0); this block is far from any continuously
open bay (Figure 1).

Distribution of Juvenile Halibut
Distribution of juveniles by length class can be used to infer movement patterns and ontogenetic changes in habitat
preference. Juveniles of 61–120 mm were taken in bays, while halibut > 200 mm were taken mostly on the open
coast (Figure 5). Overlap in relative frequency of length classes of halibut taken in bays and on the open coast indic-
ates the timing of their movement out of bays and the length at which this occurs. Juveniles began to move out of
bays to the open coast when they were 140 mm long and nearly all had migrated by the time they were 200 mm
(Figure 5). Juveniles appeared to reach 200 mm in 9–12 months after they first settle to the bottom (Figure 5).
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FIGURE 5. Relative frequency of halibut by habitat on the open coast and in bays by quarter. A. 4th quarter 1986;
bay N=138, coast N=200. B. 1st quarter 1987; bay N=468, coast N=87. C. 2nd quarter 1987; bay N=806, coast

N=186. D. 3rd quarter 1987; bay N=224, coast N=180. E. 4th quarter 1987; bay N=127, coast N=77. F. 1st
quarter 1988; bay N=160, coast N=123. G. 2nd quarter 1988; bay N=335, coast N=162. H. 3rd quarter 1988; bay

N=306, coast N=319
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FIGURE 6. Density of halibut in Agua Hedionda Lagoon by habitat type: (a) shoreline, and (b) open water
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FIGURE 7. Density of halibut in Mission Bay by habitat type: (a) shoreline, and (b) open water
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FIGURE 8. Mean density of halibut on the open coast by block and depth stratum. The three depth strata are "shal-
low" (5–8 m), "mid" (9–11 m), and "deep" (12–14 m). Densities are averaged over the entire sampling period

Movement out of bays to the open coast was also indicated by the appearance on the coast of fish between
140–200 mm SL. This trend was most marked at the blocks adjacent to bays; small halibut (< 200 mm) were prom-
inent off Mission Bay and Agua Hedionda Lagoon (Figure 8). Density of halibut (140–220 mm) in the two blocks
near bays was significantly different from the two blocks that had no open bay nearby (ANOVA, P < 0.001; Figure
8). For example, the highest densities of all open coast juveniles in the 180-mm length class were at the blocks adja-
cent to Agua Hedionda Lagoon and Mission Bay (x AH=9.7/hectare, SD=18.0; x MB=9.3, SD=20.7), with lower
densities at Torrey Pines and San Onofre (x TP=1.6, SD=6.5; x SO=1.6, SD=5.8; Figure 8).

Relationship Between Fish Size and Depth
Distribution of halibut was correlated with depth for the depths sampled. The relationship between standard length
(mm) and depth of capture (m) was: SL = 14.87 x DEPTH + 48.19 (SE slope=0.29, r 2=0.40, N=3898; Figure 9).
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FIGURE 9. Length of halibut at depth of capture
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Several authors have noted that halibut segregate by size on the open coast with larger halibut found in deeper wa-
ter (Allen 1982; Plummer et al. 1983). Segregation by size was also found in this study with small length classes
found primarily in bays (Figure 5). Although newly settled halibut occur in shallower water on the open coast, most
halibut between 40 and 100 mm are in embayment habitats.

Density of Juveniles Within Bays
Density of juveniles within bays differed with size and with time of year. Mission Bay and Agua Hedionda Lagoon
had the highest densities of small juveniles (21–60 mm SL) found throughout the survey. Density in bays was as
great as 10 times that occurring on the coast (Figures 6, 7, and 10). Both bays had high densities of halibut in the
shoreline habitat in spring 1987 (highest monthly density of the 60-mm length class in Agua Hedionda Lagoon
x=322.7/hectare, SD=186.7; Mission Bay x=68.4, SD=61.2) with fewer juveniles in this size range in 1988 (Agua
Hedionda Lagoon x=38.7, SD=39.0; Mission Bay x=13.1, SD=12.4; Figures 6 and 7).

of the open-water habitats, density of halibut in the 60-mm length class was highest in Agua Hedionda Lagoon (x
1987= 235.2/hectare, SD=237.9; x 1988=87.9, SD=79.9) and lower in Mission Bay (x 1987=35.9, SD=58.2; x

1988=64.0, SD=86.7). No halibut in this length class were found on the open coast in 1987, but in 1988 the density
at the Torrey Pines block was x=1.9 (SD=6.4; Figure 10). While the shoreline habitat of bays appears to be import-
ant both as an initial settling area and as a nursery area for small juveniles, most juveniles greater than 100 mm did
not remain in the shallow shoreline but occurred in the open-water habitat (Figures 6 and 7).

The greatest density of juveniles in the open-water habitat of Mission Bay was in blocks 2 and 3. For example, the
highest density for the 141- to 160-mm length class from ANOVA (Table 4) was found in the open-water habitat of
block 3 in Mission Bay, with a mean of 22.2/hectare (SE=3.6) and a maximum trawl density of 460.8/hectare. In
these blocks the bottom was composed of sand and mud interspersed with eelgrass. In the summer and fall, inverteb-
rates settled on the bottom in great abundance; often trawls would fill with either sponges (Tetillidae) or bryozoans
(Zoobotryon sp.).

Larger juveniles also tended to occupy the open-water habitats in Agua Hedionda Lagoon (Figure 6). The greatest
of juveniles in open water in Agua Hedionda Lagoon was in blocks 1 and 2; these blocks had habitat types similar to
blocks 2 and 3 in Mission Bay.

Abundance of Juveniles
Abundance of halibut in different nursery habitats is an indication of the potential production of the habitat. Abund-
ance of juveniles in Mission Bay and Agua Hedionda Lagoon was calculated for open-water and shoreline habitats.
In 1987, the shoreline habitats had the highest densities of juveniles < 100 mm SL relative to all other habitats, but
because the shoreline is a small area (about 1/7 of the total area of the bay) the standing stock of halibut is lower
than in the open-water bay habitat (Figure 11).
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FIGURE 10. Density of halibut on the open coast by block. The blocks are (a) adjacent to Agua Hedionda Lagoon,
(b) adjacent to Mission Bay, (c) San Onofre, and (d) Torrey Pines
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FIGURE 11. Abundance of halibut in Agua Hedionda Lagoon by habitat type: (a) shoreline, and (b) open water
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Abundance of newly settled halibut by habitat and month differed between the 2 years of sampling. In 1987,
halibut [<]20mm were most abundant in the open-water habitat of Mission Bay in April (N=23,610, SD=41,330)
and less abundant in the shoreline habitat of Agua Hedionda Lagoon (N=4,170, SD=6,320; Figures 11 and 12). In
contrast, newly settled halibut were least abundant in 1988 in both bays with the highest abundance in the Mission
Bay open-water habitat in May (N=12,210, SD=42,500) and the lowest in Agua Hedionda Lagoon (N=190, SD=325;
Figures 11 and 12). No settlement occurred on the open coast in 1987, but in 1988 there were 51,290 (SD=77,740)
newly settled halibut in May and 92,260 (SD=137,690) in September (Figure 13).

The decline in number of halibut between the 20-mm and 60-mm length classes was greatest on the open coast
with numbers dropping from several hundred thousand to nearly zero between May and September 1988 (Figure
13). Halibut settling on the open coast represented the largest standing stock of newly settled halibut ([<]20 mm) ob-
served in this study. However, few halibut of 40–60 mm were taken later in the year after the large settlement, and
none had been found in 1987 (Figure 13). Although these length classes were relatively rare on the open coast, in
Mission Bay the highest numbers of juveniles occurred in the 40-mm length class with peak abundance in June 1988
of 48,800 juveniles (2 SE=28,390; Figure 12b). By August, the 60-mm length class was most abundant with 25,740
estimated juveniles (2 SE=15,440; Figure 12b).

If halibut are dependent upon bays as nursery areas, then the numbers of halibut leaving bays should be greater
than or equal to the numbers appearing on the coast for the length classes that overlap between the bay and the
coastal habitats (Figure 5). Indeed, the abundance of halibut in the 140- to 200-mm length classes in Mission Bay
was greater than the abundance on the open coast block adjacent to Mission Bay. In 1986, estimated abundance of
140–200 mm halibut in Mission Bay was 79,020 (2 SE=58,810) and 61,750 on the adjacent coastline (2
SE=60,930); estimated abundances in 1987 and 1988 in Mission Bay were 220,370 and 123,320 (2 SE=95,880 and
68,380, respectively) with adjacent coastal estimates of 152,090 and 89,610 (2 SE=95,410 and 53,580 respectively).
For each year, the estimated abundance of halibut leaving bays is greater than the numbers found on the coast, sug-
gesting that bays could account for the population of halibut found on the open coast.

The standing stock of juveniles <50 mm SL in San Diego Bay was 13,760 (2 SE=10,880). In comparison, the
standing stock of juveniles <50 mm in Mission Bay was 22,080 (2 SE=18,600) and in Agua Hedionda was 10,190 (2
SE=10,190). Thus the standing stock of juveniles in San Diego Bay was less than that in Mission Bay, yet the area
of Mission Bay is only about # of the area of San Diego Bay. The abundance of juveniles was much lower than in
any of the other habitats surveyed during the same time period (Figures 11, 12, and 13), although the area of San
Diego Bay is large (3615 hectares).
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FIGURE 12. Abundance of halibut in Mission Bay by habitat type: (a) shoreline, and (b) open water
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FIGURE 13. Abundance of halibut on the open coast by block. The blocks are (a) adjacent to Agua Hedionda La-
goon, (b) adjacent to Mission Bay, (c) San Onofre, and (d) Torrey Pines
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DISCUSSION
Adaptive Value of Bays
The advantages of utilizing bays as nursery areas include providing a productive habitat that enhances juvenile
growth and increasing survival by separating juveniles from predators that include adults. Adult halibut are mainly
piscivorous (Plummer et al. 1983) feeding mostly on northern anchovy, Engraulis mordax, and incidentally on other
coastal species including flatfishes (Ford 1965).

This study indicates that bays probably produce enough juvenile halibut to maintain the population on the open
coast (Figures 11, 12, and 13). Scanty existing information suggests that halibut can move considerable distances.
Tagging data indicate that there is little movement of juvenile halibut within bays before emigration (Haaker 1975),
but larger halibut (up to 22 inches) have been recovered up to 140 mi from the release point (Frey 1971). It seems
possible that movement of halibut from bays could support the population of larger halibut found on the coast.

The estimated additional area of bay habitat in southern California, excluding the bays studied and Los Angeles
Harbor, is at least 800 hectares which is close to the combined areas of Mission Bay and Agua Hedionda Lagoon
(Horn and Allen 1976). If the estimates for the abundance of halibut at Mission Bay and Agua Hedionda Lagoon are
doubled, this should approximate the potential number of halibut produced annually by bays in the Southern Califor-
nia Bight region. Using this estimate, over 400,000 halibut came from bays in 1987, and nearly 250,000 in 1988.
The estimate of annual recruitment of age-1 halibut for California is between 0.45 and 1.0 million fish (Reed and
MacCall 1988); the estimates of recruits from this survey and from Reed and MacCall (1988) are reasonably close
considering the recruitment estimate is for the entire California coast.

The Fate of Newly Settled Halibut in Coastal Areas
The fate of newly settled juveniles from the open coast in 1988 is uncertain. There are several possible outcomes: 1)
they dispersed to deeper coastal habitats; 2) they settled on the coast and were lost because of high mortality; or 3)
they first settled on the coast and later move into bays.

It is not likely that juveniles moved to deeper water habitats on the coast, because small juveniles (20–40 mm SL)
were found only on the shallowest open coast strata (depth <8 m). If the settlement of halibut on the open coast was
lost due to high mortality, then bays must be able to account for the population. If newly settled juveniles migrated
from the coast to bays, there should be far greater numbers of intermediate-size juveniles in the 40- to 60-mm length
classes then in the smaller size classes (20–40 mm) in the bays.

In bays, there were always fewer halibut in the 20-mm length class than in the 40-mm length class (Figures 11
and 12). The first peak of newly settled halibut (20-mm length class) occurred on the coast in May 1988, and a
strong peak in abundance of 40-mm length class juveniles appeared in bays in June (Figures 12 and 13). The lack of
<20-mm halilbut in bays and the great decline in abundance of halibut from the 20-mm to the 40-mm length class on
the coast
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suggests that at least some of the halibut in the 40-mm and larger length classes in bays may have been derived from
halibut that had settled originally on the coast and then moved into bays as larger (>20-mm) juveniles. English sole
(Parophrys vetulus) also settle in bays and along the open coast with subsequent movement into bays (Krygier and
Pearcy 1986; Boehlert and Mundy 1987).

An Evolutionary Perspective
Complete dependence on bays as nursery areas by juvenile halibut is not likely, as the existence and quantity of bay
and shallow water habitats in the Southern California Bight over time has not been predictable. Pliocene otoliths re-
ferred to as P. californicus have been reported (Fitch and Reimer 1967), and Paralichthys antiquus was described
from the Miocene (David 1943). Miocene and Pliocene sea levels were considerably higher than present day levels
resulting in the formation of many large, shallow, warm embayments along the southern California coast (Vedder
and Howell 1979). California halibut evolved in these conditions, assuming that halibut have been in the region
since at least the Miocene and that the species has always been shallow dwelling.

On the other hand, Pleistocene glaciation events resulted in dramatic changes with colder water temperatures and
sea levels 100 m lower than those of present day (Emery 1967; Vedder and Howell 1979). Lowered sea levels would
decrease the area of shelf habitat and perhaps decrease shallow embayment habitats as well. This might have resul-
ted in a decline in the halibut population. In the last 3000 years, the sea level has been near present levels (Emery
1967).

Southern California bay habitats have been considered to be relatively unpredictable with bays open to the ocean
only in seasons with high rainfall and closed to the ocean by formation of sand bars across their entrances (Zedler
and Nordby 1986). Currently many of the smaller bays in southern California are open to the ocean only when
dredged open by removal of the sand blocking the mouth (Warme et al. 1976). The extent of shallow water and bay
habitat is additionally decreased by destruction and pollution of these habitats by man.

I conclude that shallow water habitats are utilized as nursery areas by juvenile halibut, and that the amount of
available nursery habitat may limit the size of the halibut population. Bay habitats can support a greater density of
juvenile halibut than the shallow open coast and are probably the optimal habitats for juvenile growth and survival.
The ability to utilize both open coast and bays as nursery areas is an important adaptive strategy in a region where
bay habitats can be unpredictable.
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ABSTRACT
A total of 163 California halibut, Paralichthys californicus, was caught from nine trawl stations in Todos Santos
Bay, Baja California, Mexico, from August 1986 to July 1987, representing 2.2% of the abundance of all species
caught and 16.0% of the total biomass. Average monthly catches per trawl ranged from 0.33 to 2.44 individuals.
Significantly more halibut were caught in 8 m than in deeper waters (2.97 halibut per trawl at 8 m versus 0.65
halibut per trawl at 25 m). Total length increased with depth, especially at the central and southern regions. Halibut
of ages 1 and 2 years composed 85% of the total catches; in Punta Banda Estuary, halibut of age 0 dominated. The
overall sex ratio was 1.0:2.2 F:M; juveniles (28% of the halibut caught) were not macroscopically sexable. Age 3 fe-
males were significantly larger than males of the same age; no differences were found between the size at age for
ages 1 and 2 males and females. On the average, halibut in Todos Santos Bay grew 0.79 cm per month. No signific-
ant difference was found between the length-weight relationship of males and females. Combining our information
from Punta Banda Estuary and the icthyoplankton in the bay, the following life cycle can be developed. After
spawning, larvae that are transported into the bay settle and move into the estuary where they spend several months
of their first year of life. Juveniles quickly leave the estuary during spring and spend the next 2 years of their life in
the semiprotected but deeper waters of the bay. After 2 years, halibut begin to move offshore, out of the bay to the
deeper waters of the continental platform. Todos Santos Bay and Punta Banda Estuary, therefore, may play an im-
portant role in the life history of the California halibut off the northern coast of Baja California.

INTRODUCTION
The California halibut, Paralichthys californicus, Paralichthyidae, is a resource shared by both the United States and
Mexico. It is the most valued
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species of the "marine fishes" group in the public fish market of Ensenada, Baja California, Mexico, and is also a
major commercial (Barsky 1990) and sport (Helvey 1990) resource in the state of California. In California, commer-
cial landings have been steadily decreasing due to ever-increasing gillnetting pressure and the ever-important sport
demand (Barsky 1990). off the Pacific coast of Baja California, however, the commercial fishery is principally hook
and line from small boats ("pangas"), and although no data are available, fishing pressure does not appear to be high;
there is no sport fishery for this species other than that from privately owned vessels, about which once again there
are no data. Escobar-Fernández (1989) reported the total flatfish landings for the state of Baja California during
1980–86 but stated that more than half was landed in the port of San Felipe from the bycatch of the shrimp fishery in
the Gulf of California.

In the demersal fish assemblage of Todos Santos Bay, Baja California, the California halibut was found to be fifth
in relative abundance and second in weight (Hammann and Rosales-Casián 1990). In Punta Banda Estuary within
Todos Santos Bay, on the other hand, juveniles of this species dominated the captures throughout the year
(Beltrán-Félix et al. 1986). California halibut larvae were common but not abundant in the ichthyoplankton of the
bay (Grijalva-Chon 1985), but were not found in the estuary (Castro-Longoria and Grijalva-Chon 1988), supporting
findings in California that spawning does not occur within such bodies of water (Horn and Allen 1981; Leithiser
1981; Zedler and Norby 1986), and that the larvae must migrate into the estuary after metamorphosing (Plummer et
al. 1983; Allen 1988).

The life history of this species has been described from several different regions (Frey 1971; Haaker 1975; Plum-
mer et al. 1983). Adults spawn offshore in coastal waters and the larvae settle in the nearshore zone and migrate into
the semiprotected and protected waters of bays and estuaries (Allen 1988) where they grow until they return to their
offshore habitat 2–3 years later (Haaker 1975). Plummer et al. (1983) suggested that young of the year do not occur
in shallow exposed coastal waters; this was confirmed by Allen (1988), although in a short-term study. In California,
however, these coastal embayments have been severely impacted in recent years, and Plummer et al. (1983) sugges-
ted that in addition to fishing pressure, the effects of man's activities upon the coastal nursery habitats of this species
have also contributed to decreased population levels. In contrast, the coastal environment of the Pacific coast of Baja
California has undergone relatively little development. It was not until November of 1983 that the first dredging in
Punta Banda Estuary began (lbarra-Obanda and Escofet-Giansone 1987), and other than the port of Ensenada and
municipal sewage of Ensenada, Todos Santos Bay is still quite clean. This paper reports the results of the first study
of California halibut in the protected and semiprotected coastal water habitats of Pacific northern Mexico.

MATERIALS AND METHODS
Study Area
Todos Santos Bay is located at Ensenada, Baja California, about 100 km south of the United States-Mexican border
between latitude 31°43' and 31°54' N, and longitude 116°26' and 116°49' W. It has a surface area of about 116 km2,
and

128



about 80% of the bay is less than 50 m deep; the rest forms a deep submarine canyon at the southwest mouth. Todos
Santos Bay can be considered a semiprotected habitat, although waves higher than 1 m are often found breaking on
the southeast beach. Grijalva-Chon et al. (1985) described an annual cycle of temperature and turbidity characterist-
ics of the bay.

The Punta Banda Estuary is within the bay at its southeast corner. It is L-shaped with a single semipermanent
mouth at its upper end. A channel runs along the "L" with depth generally decreasing toward the head rarely exceed-
ing 8 m. The surface area of the estuary ranges from 26 km2 at high tide to 11 km2 during low tide. The average
width is approximately 345–1100 m, depending on the tidal state. No permanent streams flow into the estuary; water
densities are equal to or higher than those of the open sea, and currents are entirely tide and wind driven. Acosta-
Ruíz and Alvarez-Borrego (1974) and Celis-Ceseña and Alvarez-Borrego (1975) described the physical and chemic-
al conditions of Punta Banda Estuary. Alvarez-Borrego et al. (1984) reported the temperature and salinity during the
1982–83 fish survey.

Field and Laboratory Procedures
Monthly samples of the demersal fish fauna in the bay were collected between August 1986 and July 1987 from 8-,
15-, and 25-m isobaths at each of three transects perpendicular to the coast (Figure 1). Catches in the bay were made
with a 7.5-m headrope semiballoon otter trawl with 19-mm stretched-mesh net body and an 11-mm cod end liner.
One tow at each station (total nine) was taken following the isobath for 5 min at 2 knots with a 11.4-m vessel
between 0700 and 1500. Labelled samples were placed on ice to be later identified, measured (total length),
weighed, and sexed in the laboratory. The sagittae were extracted, cleaned, and later read in glycerin with a stereo-
microscope. Age was determined following Haaker (1975); ageing was not validated by other techniques, nor was it
intercalibrated with other laboratories.

Data on California halibut in the Punta Banda Estuary, was taken from Beltrán-Félix (1984). Monthly tows were
made from November 1982 to October 1983 with a 2.5-m headrope otter trawl with a 19-mm stretched-mesh net
body and an 11-mm stretched-mesh cod end. Three replicate 5-min tows were taken in the tidal channel at the estu-
ary's head and central regions from a 4-m vessel with outboard motor at a velocity of approximately 2 knots. All
halibut were measured (total length) and weighed. Although the samples taken in the bay were collected 4 years
later than those taken from the estuary, in this paper it will be assumed that spatial (bay-estuary) patterns overwhelm
temporal variations (year-class phenomena) as influences of halibut numbers and size distributions.

Ichthyoplankton was initially collected from seven stations in the bay from October 1982 to September 1983
(February was not sampled due to bad weather) at 5- and 10-m depths by means of a 505[u] mesh net with a 60-cm
diameter mouth; see Grijalva-Chon (1985) for more details. During the 1986–87 juvenile trawl survey, suprabenthic
ichthyoplankton was also sampled from the same stations at the north and south transects between 0700 and 1500;
data were taken from Almeda-Jáuregui (1989). Collections were made with a
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FIGURE 1. Study area and location of sampling sites for the trawl surveys in Punta Banda Estuary and Todos San-
tos Bay, and the two ichthyoplankton surveys in the bay

suprabenthic sled that held a 505[u] mesh net with a 70x40-cm mouth 10 cm above the bottom (for more details see
Almeda-Járegui 1989 and Alfonso-Hernández et al. 1987).

Data Analysis
Abundance data for halibut caught in the bay were standardized to a 5-min tow standard effort. In August, only four
stations were sampled and effort was not consistent; these data were normalized to a 45-min monthly total effort by
multiplying by 1.125, then standardized to the CPUE of number of fish per 5-min tow. Sample sizes were small, and
abundance data were heavily skewed by
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zero catches and did not fit a normal distribution even after various transformations were attempted. The nonnormal
distributions of each data set were, however, similar. To test for differences in abundance at different depths, tran-
sects, and months, the nonparametric Kruskal-Wallis (H) test for differences of location in ranked data (Sokal and
Rohlf 1981) was used. Length and weight data were normalized with the log transformation, and one-way analysis
of variance was applied (Sokal and Rohlf 1981).

The length-weight relationship was determined using nonlinear regression techniques (Saila et al. 1988) with the
program "Fishparm," and, for comparative purposes, least-squares nonweighted linear regression of log-transformed
length and weight data. Growth is expressed as a linear relation between age in years and total length in centimeters
calculated with least- squares nonweighted linear regression.

Because catch data reported by Beltrán-Félix (1984) were the sum of the three replicates at each station, they were
standardized to the 5-min tow standard effort by dividing by 3; thus monthly variances could not be calculated.
These catch data were successfully normalized by the transformation log (number + 1), and one-way analysis of
variance was used to test for significance of the differences between months (Sokal and Rohlf 1981). Monthly
length-frequency data were adapted from Beltrán-Félix et al. (1986).

All abundances of halibut larvae were standardized to number of larvae per 100 m3. These data did not fit a nor-
mal distribution, were skewed toward zero, and sample sizes were small. Differences between abundances between
months and sampling stations were tested by the Kruskal-Wallis (H) analysis as previously described.

RESULTS
Captures
A total of 163 California halibut (42.2 kg) were caught in Todos Santos Bay. Average monthly catches varied from
0.33 to 2.7 per 5-min tow (Figure 2a) in September and November of 1986, respectively, and in biomass from about
66 in September to 796 g per 5-min tow in February (Figure 2a). The largest catches in weight were observed in
February and April (Figure 2a). The number per 5-min tow significantly decreased with depth (H = 13.23, P =
0.001), but not between transects or months (H = 2.68, P = 0.26 and H = 13.71, P = 0.25, respectively; Figure 2b).
Total weight per 5-min tow increased from north to south (H = 6.11, P = 0.047), but did not differ among months (H
= 13.47, P = 0.26) or depths (H = 5.22, P = 0.073; Figure 2c).

In Punta Banda Estuary, catches ranged from zero to nearly 59 fish per 5-min tow in March 1983 at the central
station; a marked increase was observed in March at both stations. (Figure 3). The difference between the monthly
catch per 5-min tow was significant (ANOVA P < 0.01). The difference between the average year's catches at the
center and head of the estuary was not, however, statistically significant (Student's t = 1.043, P = 0.31).
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FIGURE 2. Mean CPUE (± 95% confidence interval) of California halibut in Todos Santos Bay during 1986–87: a.
by month in number (solid line) and weight (dashed line); b. by depth and transect in number; c. by depth and tran-

sect in weight
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FIGURE 3. Monthly catches of California halibut in Punta Banda Estuary during 1982–83

Length
Significant monthly differences in the average total length of California halibut in Todos Santos Bay were observed
(ANOVA, P < .001). The average total length decreased from August through December 1986, then increased from
January through July 1987 (Figure 4a); during this period of increased average size, large monthly fluctuations were
observed. Average total length also increased significantly with depth within the bay and from north to south
(ANOVA P < 0.001 and P = 0.032, respectively; Figure 4b).

Percent length frequencies of California halibut in the bay during 1986–87 were compared with those from the es-
tuary during 1982–83. Smaller halibut were caught in the estuary than in the bay; total length of estuary-caught
halibut ranged from 10 to 44 cm (x = 15.2 ± 5.6 SD), with a mode at 13 cm, while those caught in the bay measured
13.2 to 70.4 cm (x = 25.6 + 9.12 SD), with a mode at 25 cm (Figure 5).

Age Structure and Sex Ratio
Age groups 1 and 2 represented 89.1% of the halibut caught in the bay; the largest specimen caught (70.4 cm) was a
7-year-old female (Figure 6). Overall, males predominated in the bay (1.0:2.2 F:M); 28.2% of the specimens collec-
ted
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FIGURE 4. Mean total length (± 95% confidence interval) of California halibut caught in Todos Santos Bay during
1986–87: a. by month; b. by depth and transect

were macroscopically unsexable. For those halibut of age groups 3 and older, females were more abundant (Figure
6). Females of age 3 were significantly larger than males of the same age (Student's t, t = 2.65, P = 0.02), but no sig-
nificant differences were found between the size of ages 1 and 2 males and females (Student's t, t = -1.87, P = 0.07
and t = 1.43, P = 0.16, respectively).
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FIGURE 5. Length-frequency distribution of California halibut caught in Todos Santos Bay during 1986–87 (open
bars, N = 163), and in Punta Banda Estuary during 1982–83 (hashed bars, N = 638)

Growth
All data were combined to determine one general growth equation for juvenile halibut in Todos Santos Bay. Growth
was best described by the unweighted linear equation Y = 8.98 + 9.51 X (r = 0.92), which represents a growth rate
of 0.79 cm per month (Figure 7). The correlation was not improved by removing halibut older than age 3. Average
total length for 1-, 2-, 3-, and 4-year-old fish were 18.5, 28.0, 37.5, and 47.0 cm, respectively; using the same rela-
tionship, those halibut caught in Punta Banda Estuary were mostly age group 0. On the average, halibut in Todos
Santos Bay, reach the California state legal size in just under 5 years.
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FIGURE 6. Age and sex composition of California halibut caught in Todos Santos Bay during 1986–87. Sex was not
determined for juveniles
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FIGURE 7. Linear regression of total length (cm) on age (years) for all specimens combined of California halibut
juveniles caught in Todos Santos Bay during 1986–87

Length-Weight Relationship
Fish caught in the bay were measured and weighed fresh (N = 163), and the curvilinear relationship between length
and weight was determined by nonlinear analysis as W = 3.70 x 10-3 x L3.28 (adjusted r 2 = 0.99). On the average,
a halibut of legal size in Todos Santos Bay would weigh about 2 kg. For comparative purposes with other studies,
the log-log length-weight relationship was also determined from least-squares regression to be W = 9.09 x 10-3 x
L3.03 (Figure 8). No significant difference was found between the slopes of the length-weight relationships of males
and females over a comparable size interval of 18.8–42.2 cm (ANCOVA P = 0.70). Females were slightly heavier at
length than males, although not highly significantly (ANCOVA P = 0.051).
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FIGURE 8. Length-weight relationship for California halibut juveniles caught in Todos Santos Bay during 1986–87
(N = 156). The predicted weight at the California state legal size is shown. The solid line was determined by linear

regression on Log transformed data, and the dashed line by non-linear regression on untransformed data

Larval Abundance and Distribution
In the water column during 1982–83, monthly average abundances of halibut larvae ranged from zero to a maximum
of 4.3 ± 9.0 larvae per 100 m3 in March (Figure 9a); differences between monthly averages were statistically signi-
ficant (H = 37.06, P < 0.01). No significant differences were found between depths (H = 1.52, P = 0.22) or stations
(H = 5.61, P = 0.47).

Near the bottom of the bay during 1986–87, monthly average abundances of mostly post-flexion halibut larvae
ranged between zero and a maximum of 19.3 ± 8.9 larvae per 100 m3 in July (Figure 9b), more than double those
found in the water column in previous years. Significant differences in average abundances were found between
months (H = 42.59, P < 0.001), but not between depths (H = 0.75, P = 0.69) or transects (H = 0.55, P = 0.46).
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FIGURE 9. Mean (± 95% confidence interval) monthly abundance of California halibut larvae (number of larvae/
100m3) in Todos Santos Bay: a. in the water column, during 1982–83; b. 10–50 cm above the bottom (suprabenthic

zone), during 1986–87

DISCUSSION
The California halibut is an important species in the nearshore demersal community of Todos Santos Bay, being the
fifth most abundant species in the bay, and the most abundant in Punta Banda Estuary located within the bay. Love
et al. (1986), for the open-coast nearshore zone of the Southern California Bight, found this species to be the third to
seventh most abundant species
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depending on depth and locality. Average catches per trawl, however, ranged from about 0.2 to 1.4 in the Southern
California Bight and from 0.3 to 2.7 in Todos Santos Bay with similar sampling procedures. In Punta Banda Estu-
ary, average catches ranged from zero to about 59 halibut per 5-min tow, with a much smaller net. This greater
abundance of juvenile halibut in semiprotected and protected waters suggests the importance of these habitats as
nursery areas.

Studying the settlement-recruitment patterns of young-of-the-year (YOY) halibut, Allen (1988) found the greatest
abundances in fully protected waters, less in semiprotected areas, and no YOY halibut were found in the fully ex-
posed coastal zone. Kramer (1990a, 1990b) found very little or no settlement by juvenile halibut in the open-coast
environment during 1987, but during 1988 increased open-coast settlement was observed, thereby demonstrating the
interannual variability of halibut settlement in open-coast versus coastal embayment environments.

In Todos Santos Bay, more juvenile halibut were caught at 8-m depth than at 15 and 25 m (Figure 2b). Love et al.
(1986) did not find a clear difference in halibut abundance with depth. Juvenile halibut were also larger at deeper
stations and in the southern regions of the bay. However, the lower abundance and smaller size of halibut caught in
the northern region of the bay may be due to inferior trawl efficiency in the rocky-sandy substratum.

Although no significant differences were found between the monthly captures of halibut in the bay, a large in-
crease was noted in February and March in the estuary (Figure 3). Because trawls were taken from the central chan-
nel in the estuary, the large increase in abundance could represent a movement of YOY halibut from nearby shallow
sandy areas into the main central channel in preparation for their exit to the bay. The lack of a peak in the monthly
catches in the bay (Figure 2a) is due to the absence of a channel to concentrate the organisms and increase their rel-
ative vulnerability to capture. Probably, as juveniles leave the estuary, they disperse as they enter the bay.

The decrease in average size of juvenile halibut caught in the bay during March may represent the movement of
small halibut from the estuary into the bay (assuming data from different years can be compared); an overall in-
crease in length was observed from October (Figure 4a). The proximity of the estuary to the southern region of the
bay may also contribute to its greater abundances of juvenile halibut. During 1987, more halibut larvae were found
in the suprabenthic zone near the mouth of the estuary than in the northern area. Castro-Longoria and Grijalva-Chon
(1988) reported the absence of halibut larvae in Punta Banda Estuary.

Considering the findings of Kramer (1990a, 1990b) and Allen (1988) of less settlement on the exposed coast, it
may be that larvae seek out the Punta Banda Estuary, where they spend part of their first year of life, and then move
into the bay during spring. Alvarez-Sánchez et al. (1988) found that on the average, the input of water at the two en-
trances of the bay generates two currents parallel to the southern and northern coasts which converge adjacent to the
mouth of Punta Banda Estuary. This circulation pattern may assist settling halibut larvae in entering the estuary.

Most of the juvenile halibut caught in Todos Santos Bay were 1 or 2 years old; judging from the growth curve cal-
culated from fish caught in the bay (Figure 7), those caught in the estuary were mostly young of the year. As has
been
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reported in other studies for other regions (e.g. Haaker 1975), the growth coefficient of juvenile halibut in Todos
Santos Bay was near 3.00, and older females were found to be larger at age than males. In Anaheim Bay, however,
little or no difference was found between the length-weight relationships of males and females (Haaker 1975). Be-
cause an underestimation of the slope in the length-weight relationship was found when derived by linear regression,
nonlinear estimation is recommended.

Males in Todos Santos Bay dominated the first two year classes; the largest and oldest specimens caught in the
bay were all females. In Anaheim Bay (Haaker 1975), and in the nearshore area off San Onofre (Plummer et al.
1983), males were also found to dominate juvenile to subadult fish. Females were found to dominate the sex ratio in
the commercial captures of California (Sunada et al. 1990) due to increased selectivity for the female's larger size
and faster growth rate. In Punta Banda Estuary, however, females dominated over males and a sex ratio of 1:1.68
M:F was reported (Navarro-Mendoza 1985). We suggest that the dominance of females in the estuary is due to their
slower maturity rates (Frey 1971; Haaker 1975), and that males migrate to the bay earlier than the females, leaving
them behind in the estuary. This would also explain the dominance of males in the bay.

In conclusion, the following life cycle for the California halibut in the vicinity of Todos Santos Bay can be de-
scribed. Spawning occurs offshore and larvae are transported into the bay, settle, and move into Punta Banda Estu-
ary where YOY spend the first several months of life. First male, then female, juvenile halibut leave the estuary dur-
ing spring to spend the next 2 years in the semiprotected but deeper water of Todos Santos Bay. After 2 years,
halibut begin to move out of the bay into the deeper waters of the continental platform. The Todos Santos Bay-Punta
Banda Estuary system, therefore, may play an important role in the life history of the California halibut off the
northern coast of Baja California. Due to the clear importance of protected and semiprotected habitats in the life his-
tory of this species, the necessity of careful coastal management may be paramount for the future success of this
species in the Californias.
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An understanding of the settlement process of young-of-the-year (YOY) California halibut, Paralichthys californi-
cus, is essential for the effective management of adult stocks. Based on previous studies (e.g. Haaker 1975) and un-
published data from various sources, Plummer et al. (1983) proposed that YOY halibut occur primarily in embay-
ments along the California coast and not in shallow coastal waters. This proposal has been corroborated by recent
studies in certain areas of the southern California coastline (Kramer and Hunter 1987; Allen 1988). Allen (1988)
found that, in the Long Beach area of southern California, the greatest densities of YOY halibut occur in protected
habitats (bays and estuaries). Semi-protected environments (e.g. harbors and, possibly, leeward sides of points and
islands) contained YOY halibut but at densities of one-half to one-quarter of those in protected habitats. In addition,
settlement at semi-protected sites generally occurred later in the year than in embayments. Prior to 1987 our studies
had captured only one YOY halibut in exposed, open-coast stations in both the Alamitos and San Onofre-Oceanside
areas in over 75 trawls (0.44 individuals/hectare). The single, 35-mm standard length (SL) specimen was captured at
San Onofre in the 3- to 6-m depth range (Allen 1988). Kramer and Hunter (1987, 1988) also found YOY halibut
along the open coast but in extremely low densities (0.6/hectare in 1987 and 11–28/hectare in 1988).

Newly settled halibut ranged from 8 to 12 mm SL and were probably about 30 d old (Allen and Jensen, unpub-
lished data). For this study, we set the
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maximum size of YOY at 80 mm SL based on Allen (1988). However, recent data indicates that growth rates of
halibut in their natural environments may be much faster than originally thought. The size of a halibut at 1 year of
age may be greater than 80 mm SL.

A trawl survey of YOY white seabass, Atractoscion nobilis, along the open coast from Point Conception south to
San Mateo Point funded through the Ocean Resource Enhancement and Hatchery Program (OREHP) afforded a
great opportunity to also examine recruitment and distribution of YOY California halibut along the open coast.

Sixteen stations (Figure 1) were sampled along the coast of the Southern California Bight between Point Concep-
tion and San Mateo Point in each of the 5 months of June–October 1988 on the following dates: 13–17, 23–24 June;
8, 11–15 July; 14–18, 25–26 August; 3–7, 20–21 September; and 3–4, 13–17 October. At each station, four replicate
5-min tows were taken with a 1.6-m beam trawl (2-mm mesh) at each of two depth strata, 5 m and 10 m, from two
5.6-m skiffs launched from the R/V YELLOWFIN. The YELLOWFIN, owned and operated by the Ocean Studies
Institute of the California State University, served as our base of operation. Calibration tows using a meter wheel in-
dicated that a 5-min tow covered an average of about 183 m of bottom making the mean area of coverage about 293
m 2. Density estimates in this report are based on this estimate of trawl area coverage. The sampling strategy of this
survey yielded 128 tow samples in each month and 640 tows overall.

At each station, temperature, salinity, dissolved oxygen, and pH were monitored at the surface and bottom of both
depth strata. Depth, bottom profiles, and potential snags were monitored using depth sounders mounted on each
skiff. Loran fixes were taken at the beginning and end of each replicate tow. For each tow, the weight of drift algae
and debris was determined by use of a hanging metric scale.

The majority of catch data was entered into project databases on board ship with a laptop computer. Halibut data
was subsequently tabulated and analyzed on desktop computers.

A total of 164 YOY ([<]80mm SL) and 54 newly settled ([<]12mm SL) halibut were captured from June to Octo-
ber 1988. The majority (74%) of newly settled were taken in July. Seventy-nine percent of the YOY halibut were
captured at the 5-m depth stratum.

Density estimates for all YOY halibut ranged from 4.0 individuals/hectare in October to 14.9/hectare in Septem-
ber (Table 1). Overall density of YOY halibut over the entire study was 8.7/hectare. Densities of newly settled
halibut were lower ranging from 0/hectare in October to 10.6/hectare in July. Population estimates along the 300 km
of habitable coastline over the 5 months varied from 35,959 YOY (0 newly settled) in October to 100,700 YOY
(95,892 newly settled) in July. Integration over the 5 months yielded an overall population estimate for the open
coast of only about 78,660 YOY and 25,891 newly settled halibut. This estimate seems low for a nearshore, egg-
broadcasting species of fish.
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FIGURE 1. Location of the 16 beam trawl stations sampled each month from June to October 1988 from near Point
Conception south to San Mateo Point, California
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TABLE 1. Estimated densities (number/hectare) of young-of-the- year California halibut at 16 stations from near
Point Conception to San Mateo Point, June–October 1988.

Most (71%) of the YOY halibut were captured at only three of the 16 stations: EI Segundo (station 11; N = 17),
Malaga Cove (station 12; N = 78), and Belmont Shore (station 13; N = 21; Table 1; Figure 2). Malaga Cove alone
accounted for almost 48% of all YOY and 37% of the newly settled halibut.

In June, only five newly settled fish were collected (Figure 2). All were taken in southern stations 11, 12, and 15
where the warmest temperatures were encountered. By July, relatively heavy settlement was observed as far north as
Point Dume (station 9) with the greatest concentrations of fish occurring off EI Segundo (station 11) and Malaga
Cove (station 12). These two stations had the highest mean temperatures over the study period (Figure 3). About
74% of all newly settled fish were captured in July (Figure 2). By August, the numbers of newly settled halibut cap-
tured had fallen off sharply. Settlement of halibut appeared to be over by September. YOY halibut densities were
greatest from July through September, particularly at Malaga Cove (Figure 2).

The most striking change in any of the physical-chemical parameters monitored during the 5 months of the survey
occurred with temperature (Figure 3). Both surface and bottom temperatures were relatively low in June at all sta-
tions with the highest temperatures found in the southernmost stations. The temperatures increased dramatically in
July at all stations except station 1. Surface and bottom temperatures increased about 4–5°C per station between
June and July. During August through October, temperatures dropped off slightly at most stations by about 1–2°C.
The heaviest and most widespread settlement of YOY halibut occurred in July at the time of this striking rise in
coastal temperature within the study area. Temperature, particularly bottom temperature, was significantly and posit-
ively correlated with the abundance
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FIGURE 2. Distribution of newly settled ([<]12mm SL) and of remaining (13–80 mm SL) YOY California halibut
among the 16 stations along the southern California coast, June–October 1988
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FIGURE 3. Mean bottom temperatures (°C) of all 16 stations by month, June–October 1988
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(log[x + 1]) of both newly settled YOY (r = 0.365; df = 78; P < 0.0001) and all YOY (r = 0.337; df = 78; P <
0.0001). These correlation models explained 13% (R 2 = 0.13) of the variance of newly settled and 11% (R 2 = 0.11)
of the variance in all YOY halibut. There is little doubt that a relationship existed between temperature, particularly
bottom temperature, and settlement and subsequent distribution of YOY halibut. The identification of other influen-
tial environmental factors awaits future multivariate analyses.

Satellite infrared imagery photographs for this time period indicated that a large, warm-water mass moved north
along the southern California coastline in early July 1988. This phenomenon probably accounted for the sudden rise
in temperature, and may also have accounted for the increased settlement if this water mass contained a large supply
of larval halibut from more southerly waters.

Halibut inhabiting the southern California coastline are probably north of their main center of abundance in most
years. The seemingly low densities of YOY halibut may reflect sporadic, unpredictable settlement success over the
course of a breeding year. Successful settlement, at times, may rely heavily on the northward transport of eggs and
larvae from the central populations of halibut off Baja California.

The vast majority of YOY halibut ranged from 8 mm to 20 mm SL. The low proportion of larger YOY in the
catches indicates that our sampling method may be biased toward smaller, slower fish. Halibut > 20 mm SL seem
capable of evading our nets with greater regularity than smaller fish.

Low densities of YOY halibut on the open coast are not surprising since halibut occur in greatest abundance in
bays and estuaries in the Southern California Bight (cf. Allen 1988). The mean density of YOY halibut in Alamitos
Bay over the 3-year period of 1983–85 was high at 321/hectare (Table 2). The overall density along the coast in
1988 was less than 3% of the density estimate from Alamitos Bay. Overall density of YOY at Malaga Cove was ap-
proximately 66/hectare, much higher than the open coast as a whole. Halibut density at Malaga Cove was about 21%
of the mean density found in the shallow waters of Alamitos Bay.

TABLE 2. Estimated mean densities for young-of-the-year California halibut from a protected habitat (Alamitos
Bay), a "semi-protected" habitat (Malaga Cove), and all OREHP open coast stations combined.

Even though open coast YOY halibut densities are low, these areas may represent important nursery habitat for
halibut based simply on the large size of this habitat in southern California. Low densities can convert to a large
population size if the habitat area is large enough. For example, a low density of newly settled young of 2.88/hectare
becomes 25,891 when the total area of
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habitable mainland coast, estimated at 9000 hectares, is considered. Bays and estuaries contain the highest densities
of YOY halibut but are very small and few in number in southern California (about 10% of coastline; Kramer 1990).
If halibut populations are completely dependent on bays and estuaries as nursery grounds, their populations may be
in trouble since about 90% of the bays and estuaries in southern California have been severely altered or destroyed
by human activities. Kramer (1990) concluded that the ability of juvenile halibut to utilize both open coast and bays
as nursery areas represents an important adaptive strategy in this region where bay habitats are rare and unpredict-
able.

We gratefully acknowledge the help given by the numerous field assistants on this rather demanding research pro-
gram. They include: Jan Cordes, Dominique Evans, Michael Franklin, Carlos Herrera, Steve McGee, Robert Scott,
Jodie Smith, Phyllis Travers, Alison Wolgast, Lisa Wooninck, and James Wolf. Without their consientious assist-
ance the sampling could not have been accomplished. We also thank the crew of the R/V YELLOWFIN, Jim
Cvitanovich, Dan Warren, and Dennis Dunn for their expertise and advice. The data on California halibut was col-
lected as part of a larger trawl study funded by the Ocean Resource Enhancement and Hatchery Program adminis-
trated by the California Department of Fish and Game. We thank the department and, especially, Steve Crooke for
the opportunity to work on recruitment of nearshore marine fishes in southern California.
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JUVENILE CALIFORNIA HALIBUT, PARALICHTHYS CALIFORNICUS,
GROWTH IN RELATION TO THERMAL EFFLUENT
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ABSTRACT
Three size classes of young California halibut, Paralichthys californicus, were held for 8.5 months to compare
growth under two laboratory treatments: ambient temperature seawater alone and ambient mixed with power plant
thermal effluent. Total-length growth rates in both treatments were similar to published values for estuarine inhabit-
ants, but less than the rates predicted from an age and growth study based on offshore commercial and sport fishery
catches. Estuarine halibut populations, however, demonstrated allometric weight:length relations that differed from
isometric relations of published data on offshore halibut populations. Conditions associated with thermal effluents
from California coastal power plants did not inhibit growth. Like other predatory fishes, California halibut may con-
gregate near warm discharge areas for metabolic advantages.

INTRODUCTION
In California approximately 10.6 billion gallons of seawater are pumped daily through coastal-sited electric generat-
ing stations to condense steam. Discharging waste heat as a thermal effluent has raised serious concern about dam-
aging or altering the nearshore environment (Cairns 1971). This concern has resulted in strict regulatory measures
and considerable research on the effects of discharging thermal effluent.

In this work I contrast growth and survival of juvenile California halibut, Paralichthys californicus, exposed to
power plant discharge and ambient seawater temperatures. The results may help clarify the effect of man-induced al-
terations of natural habitat during a sensitive life stage of the California halibut.

METHODS AND MATERIALS
During October and November 1976, California halibut were captured at Agua Hedionda Lagoon, Carlsbad, Califor-
nia (northern San Diego County) in 5-to 10-min trawls using a 2-m semiballoon otter trawl with a cod end of 20-mm
stretch mesh. Long-term growth studies were conducted between 11 December 1976 and 27 August 1977, a 259-d
period, at the San Diego Gas & Electric Company's Encina Power Plant Biology Laboratory in Carlsbad, California
(Van Olst et al. 1976).
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Juvenile halibut (100–350 mm TL) were distributed randomly to two open system fiberglass aquaria ([245 x 110
x 76cm, = 1900 l]) supplied with flowing, filtered seawater. Preventive measures to control disease and parasitism
included prophylactic treatments with Nitrofurazone at 150–300 mg/L (Golden State Medical Supply Company)
and/or seawater diluted formalin (0.1–0.2 ml/L), which were flushed after 1 h. Live and frozen northern anchovy,
Engraulis mordax, and live adult brine shrimp, Artemia salina, were fed ad libitum to large (> 120 mm TL) and
small (< 120 mm TL) halibut, respectively.

After the fish began to feed, one experimental group of 35 individuals was acclimated from approximately 15 to
22°C at a rate not exceeding 1°C/d. Seawater temperature was controlled by a pneumatic, Teflon-coated mix valve
and epoxy-coated pressure-proportioning thermostat (Innis 1980). Source waters from the ambient lagoon and
power plant effluent were blended to maintain approximately constant temperature. The proportion of effluent and
ambient water varied constantly, depending upon the thermal conditions of the source waters. Thus, temperature av-
eraged 22.0 ± 1.5°C (mean ± standard deviation) which corresponds to typical conditions in the Encina Power Plant
thermal plume a short distance from the point of discharge. In a similar treatment, 34 fish were supplied seawater at
ambient temperature which averaged 19.4 ± 1.8°C and varied with season between 15 and 24°C (see Figure 1).

Every 30 to 40 d, halibut were anesthetized (MS 222, 1:15,000, 67 mg/L for 5 to 10 min depending on size and
weight), measured to the nearest millimeter total length, and weighed (blotted wet weight) to the nearest 0.1 g.
Growth data were recorded as each fish's size, weight:length ratio (condition factor), position of the eyes (either sin-
istral or dextral), and morphological anomalies such as the extent of blind side ambicoloration. No tags were used,
because Haaker (1971) found that tagged P. californicus grew at only one-half the rate of untagged halibut.

To account for differences among fish at the experiment's outset, halibut growth data were divided into three size
categories, small (0–159 mm), medium (160–249 mm), and large ([>]250 mm), based on the growth regression
equation determined by Haaker (1971, 1975). These groupings correspond closely to ages of 0–12 months (Age 0+),
12–24 months (Age 1+), and 24+ months (Age 2+), respectively, for California halibut reported by Haaker. Halibut
weight:length ratio was calculated by Fulton's condition factor equation: CF = W / TL3 X 105 where CF = Condi-
tion factor, W = Body weight (grams), and TL = Total length (millimeters).

The cubed length, indicative of isometric growth, was used in condition factor calculations because the slope of
the growth curve for juvenile California halibut was calculated to be 3.088 (Haaker 1971).
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FIGURE 1. Laboratory temperature conditions presented as weekly means ± 1 standard deviation
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Growth data (TL, W, CF) were analyzed for differences among treatments and size groups using two-way AN-
OVAs (Dixon 1975) in which the sums of squares were calculated using a generalized linear model procedure for
unbalanced designs (Snedecor and Cochran 1967; Searle 1971; Barr et al. 1976). For significant (P < 0.05) AN-
OVAs, Duncan's multiple range test was used for a posteriori comparison of means (Zar 1974). Survival analysis
followed life table methods described by Deevey (1947) and Cox (1967).

RESULTS AND DISCUSSION
Growth differed significantly among size classes, but not between treatments for all size classes (see Figure 2; Table
1). Small and medium halibut grew at rates between 103 and 109 mm and 80 and 150 g/year based on least squares
regression. Large halibut increased in size at rates between 16 and 46 mm and 40 and 128 g/year. Small halibut held
at ambient temperature shrunk in size (lost 6.6 mm and 18 g/year) and died before the experiment ended.

Combined halibut size classes grew slightly faster than rates determined by Haaker (1971, 1975; Figure 3). At
these rates, under either treatment, it would take about 5.4 years (65 months) for the average California halibut to
reach legal size (558.8 mm, 22 inches) for capture by fishermen. Haaker's estimate of growth rate for P. californicus
inhabiting Anaheim Bay, California was equivalent to 90.2 mm/year—66 months to reach legal size. Compared to
published growth rates, these are faster than those reported by Clark (1930, 1931), similar to Kramer's (1990) estim-
ate of 120 mm/year, and slower than determined by Frey (1971) and Schott (Hulbrock 1974) for males and females
(Figure 3). The variety of growth rate estimates in these studies may be related to habitat differences.

Ontogenetic growth rate variation, described as growth stanzas (Ricker 1975), is indicated by changes in
weight:length ratios or as sudden changes in growth rate. Haaker (1971) and Kramer (1990) reported that halibut in-
habit estuaries as young but emigrate to the nearshore open coast at a size of 150 to 200 mm. Emigration from an es-
tuary to the open coast could be responsible for the differences in growth rates presented by Hulbrock (1974).
Growth estimates of estuarine inhabitants are based on the younger California halibut populations and do not incor-
porate age-growth relations of older individuals.

Fish growth is described by the equation: W = a X TLb where a = constant, and b = the coefficient of increase in
length relative to weight. When b equals 3.00, fish are growing at an isometric rate indicating that body proportions
are unchanging (Ricker 1975). Isometric growth for California halibut was determined by both Haaker (1971, 1975;
b = 3.088) and Hulbrock (1974; b = 3.048). However, laboratory growth in this study yielded coefficient b values
that were allometric; 3.29 in ambient alone and 3.40 for the mixed treatment. This indicates that weight increased
faster than in the isometric
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FIGURE 2. California halibut growth, mean ± standard deviation, for total length (TL), wet body weight (W), and
condition factor (W/TL3 X 105) under ambient and mixed ambient-effluent temperatures
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TABLE 1. Results of analysis of variance (ANOVA) and Duncan's multiple range test comparing length, weight,
and condition factor relations between treatments and size classes.
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FIGURE 3. Comparison of projected California halibut linear growth (TL) in laboratory treatments of mixed ambi-
ent-effluent and ambient alone, with published growth information from field sampling studies
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weight:length relation calculated by Haaker (1975; Figure 3). However, Haaker's coefficient was developed from
standard length (SL) measurements; when an adjustment is made to total length, his weight:length coefficient indic-
ates an allometric growth rate (b = 3.311; shown in Figure 4).

FIGURE 4. Projected length:weight relations of Paralichthys californicus grown in ambient temperature seawater
and in mixed ambient-thermal effluent compared with published W:L ratios. Note Haaker (1975) W:L relation ad-

justed for total length
Comparison of the growth data between treatments and fish sizes by ANOVA indicated that the size-treatment in-

teractions are significant for length, weight, and condition factor (Table 1). The significant difference based on size,
of course, is attributable to the experimental design, for which individuals were originally assigned to categories of
small, medium, and large. Thus, the significant interactions indicate a probable size-dependent treatment effect on
growth. This is confirmed by the multiple range test between means for size-treatment combinations. Analysis by
Duncan's multiple range test (Zar 1974) indicated no differences between treatment (length and weight) for large an-
imals. However, the effects of treatment on younger individuals (small and medium) were significantly different
from one another, although inconsistent between treatments.

Smith and Daiber (1977) determined the growth equation for summer flounder, Paralichthys dentatus, from
Delaware Bay is: W = 0.404 (10-5) TL3.151,
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which like the P. californicus tested, grew allometrically. Both species utilize estuaries for nursery grounds. Juvenile
rates of growth would be expected to differ from those of older individuals because of a change in habitat associated
with age. Therefore, the growth pattern of only juvenile California halibut may appear different from estimations for
an entire population, which tend to confound different growth stanzas. Feeding at ad libitum levels in the laboratory
may also increase the change in weight per unit length above levels characteristic of fish in the field.

Condition factor (CF), a function of the weight:length relation, approximates 1.000 for healthy California halibut.
As halibut grow at allometric rates, weight tends to increase faster than length and so their condition factors in-
crease. Comparison of CF values by multiple range test (Table 1) based on size and treatment showed that the mean
values of halibut in the small group were significantly different from the other size classes and treatment combina-
tions (see also Figure 2). This general case was evident in Schott's work, as CF values range between 1.02 for year 1
and 1.10 for year 18 females (Hulbrock 1974).

Temperature also appeared to influence survival under treatment conditions (Figure 1). Although mortalities early
in the experiment resulted from animals escaping from the experimental tanks, a direct relation between increasing
temperatures and mortality was observed in both treatments later in the experiment when temperatures approached
and exceeded 20°C (see Figure 5). After 11 June 1977, mortality increased rapidly, as all of the small individuals in
ambient seawater and the large halibut in the mixed treatment died shortly thereafter. All other size groups survived
past this point until even warmer ambient conditions (> 23.0°C) led to a rapid increase in mortalities (> 60%) and
the growth experiment was stopped.

Growth rates also slowed after the June to July (weeks 26 to 34, days 180 to 240) influx of warm water (Figures 2
and 5). Overall, the mixed ambient-effluent group, which was subjected to warmer temperatures earlier in the exper-
iment, tolerated thermal stress somewhat better than the ambient group. Increased thermal tolerance by fishes ac-
climated to warmer temperatures has been well documented (Fry 1967; Brett 1970; Cherry et al. 1975).

CONCLUSIONS
As cryptic predators, juvenile California halibut are naturally sedentary. In estuaries young animals, as well as adults
living offshore, assume a sit and wait behavioral mode before responding to abiotic changes in their environment.
The estuarine environment is highly dynamic and moderate changes in temperature occur in a diel cycle (Emery and
Stevenson 1957). Gradually increasing warmer temperatures, as generally found in a thermal discharge zone (Koh
and List 1974), will eventually evoke an avoidance response by P. californicus at [=]24 to 28°C; decreasing temper-
atures may or may not elicit avoidance movements, as indicated by halibut responses in an artificial thermal gradient
(Innis 1980). In general, however, this species tolerates a wide range of temperature and prefers warm (15–23°C)
temperatures, so long as there is sufficient time for acclimation. Temperature conditions in thermal plumes from
coastal generating stations, therefore, would not adversely affect P. californicus.
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FIGURE 5. Mortality of three size classes of California halibut during an 8.5-month growth experiment comparing
lagoon ambient seawater and mixed ambient-power plant effluent conditions
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Based upon laboratory tests, California halibut would not avoid a 1°C [8]T. This would be the typical exposure at
the leading edge of a thermal plume from some southern California open coast discharges (e.g. those of the Encina
Power Plant, San Diego County or the San Onofre Nuclear Generating Station Unit 1, Orange County). However,
discharges into enclosed bays may elicit avoidance behavior because the [8]T increases the already higher temperat-
ures in these areas (e.g. south San Diego Bay; Ford and Chambers 1973). On the other hand, thermal discharges
from coastal generating stations with direct oceanic discharges into cool water may actually attract P. californicus.

Although the laboratory experiments showed little growth advantage for fish in heated effluent averaging about
3°C above ambient, other studies have generally suggested clear cut benefits. Poikilotherms in an elevated-tem-
perature discharge increase their metabolic activity and, hence, their potential for accelerated growth rate. In addi-
tion, the energetic benefit (Webb 1978; Krubb et al. 1980; Graham 1983), indicates that predators at higher trophic
levels, such as the top carnivore P. californicus, may store their increased scope for metabolic activity to good ad-
vantage while in or near discharge plumes. When positioned in an elevated thermal field, the temperature of fish
musculature rises. After an exposure interval, large fish have mechanisms of conserving stored body heat while for-
aging in cooler waters away from the discharge plume (Krubb et al 1980). Accordingly, discharge-orienting predat-
ors would have a "metabolic edge" over prey species. At higher metabolic rates, these predators could swim at faster
bursts of speed. Swim speeds could increase by 7% for every 1°C increase in body temperature (Webb 1978).
Therefore, predators emerging from a discharge area could obtain prey more easily from nearby cooler waters. This
mechanism would be advantageous to California halibut as their prey pursuit generally begins from a standing start.
In addition, many species of prey fish in the southern California nearshore environment appear to be attracted to the
warmer temperatures near discharges, which would increase feeding opportunities of piscivores that orient to the
thermal plume (Stephens 1978).

ACKNOWLEDGMENTS
My research was aided by San Diego State University Center for Marine Studies under Richard F. Ford's direction. I
am indebted to my fellow graduate students, friends, and family who assisted my work. Southern California Edison
Company and San Diego Gas & Electric Company are recognized for their laboratory support. Editorial support
kindly furnished by Al Ebeling, John Hunter, Geoff Moser, Bud Laurent, John Graham, and Dave Sommerville,
measurably improved my manuscript. Thank-you all.

LITERATURE CITED
Barr, A.J., J.H. Goodnight, J.P. Sall, and J.J. Helwig. 1976. A user's guide to SAS-76. SAS Institute, Inc., Raleigh, NC.

Brett, J.R. 1970. Temperature fishes. Pages 515–560 in O. Kinne, ed. Marine Ecology Vol. I., Part L. Wiley-Interscience, New York.

163



Cairns, J., Jr. 1971. Thermal pollution—a cause for concern. J. Wat. Poll. Cont. Fed. 40:56–66.

Cherry, D.S., K.L. Dickson, and J. Cairns, Jr. 1975. Temperatures selected and avoided by fish at various acclimation temperatures. J. Fish. Res.
Board Can. 32:485–491.

Clark, G.H. 1930. California halibut. Calif. Fish and Game. 16:315–317.

Clark, G.H. 1931. The California halibut (Paralichthys californicus) and an analysis of the boat catches. Calif. Div. Fish and Game, Fish Bull. 32.

Cox, G.W. 1967. Laboratory manual of general ecology. W.C. Brown Pub., Dubuque, IA.

Deevey, E.S., Jr. 1947. Life tables for natural populations of animals. Quart. Rev. Biol. 22:283–314.

Dixon, W.J., ed. 1975. BMDP—Biomedical Computer Programs. Univ. Calif. Press, Berkeley, CA.

Emery, K.O. and R.E. Stevenson. 1957. Estuaries and lagoons. I. Physical and chemical characteristics. Pages 673–693 in J.W. Hedgpeth, ed.
Treatise on Marine Ecology and Paleoecology I. Geol. Soc. Am. Mem. 67.

Ford, R.F. and R.L. Chambers. 1973. Biological studies at the South Bay Power Plant. Prepared for San Diego Gas & Electric Co., by Environ-
mental Engineering Lab., San Diego, CA. 188 p.

Frey, W.H., ed. 1971. California's living marine resources and their utilization. Calif. Dept. Fish and Game, Sacramento, CA. 148 p.

Fry, F.E.J. 1967. Responses of vertebrate poikilotherms to temperature. Pages 375–409 in A.H. Rose, ed. Thermobiology. Academic Press, Lon-
don.

Graham, J.B. 1983. Heat transfer. Pages 248–279 in P.W. Webb and D. Weihs, eds. Fish Biomechanics. Praeger Publishers, New York.

Haaker, P.L. 1971. Aspects of the life history of the California halibut, Paralichthys californicus (Ayres), in Anaheim Bay, California. Master's
Thesis. California State College, Long Beach. 96 p.

Haaker, P.L. 1975. The biology of the California halibut, Paralichthys californicus (Ayres), in Anaheim Bay. Pages 137–151 in E.D. Lane and
C.W. Hill, eds. The Marine Resources of Anaheim Bay. Calif. Dept. Fish and Game, Fish Bull. 165.

Hulbrock, R. 1974. Lengths, weights and ages of 13 southern California marine gamefish. Calif. Dept. Fish and Game pamphlet. 32 p.

Innis, D.B. 1980. Growth characteristics and temperature behavior of juvenile California halibut, Paralichthys californicus, and their relationship
to the effects of thermal effluent. Master's Thesis. San Diego State University. 110 p.

Koh, R.C.Y. and E.J. List. 1974. Report to Southern California Edison Company on further analysis related to thermal discharges at San Onofre
Nuclear Generating Station. Hydraulics Consultants, Pasadena, CA. 116 p.

Kramer, S.H. 1990. Habitat specificity and ontogonenetic movements of juvenile California halibut, Paralichthys californicus, and other flatfishes
in shallow waters of southern California. Natl. Mar. Fish. Serv., Southwest Fisheries Center, La Jolla, CA. Administrative Report LJ-90-22.
157p.

164



Krubb, R.N., J.R. Spotila, and D.R. Pendergast. 1980. Mechanisms of heat transfer and time-dependent modeling of body temperatures in the
large-mouth bass (Micropterus salmoides) . Physiol. Zool. 53:222–239.

Ricker, W.E. 1975. Computation and interpretation of biological statistics of fish populations. Fish. Res. Board Can. Bull. 191.

Searle, S.R. 1971. Linear models. John Wiley & Sons, Inc., New York.

Smith, R.W. and F.C. Daiber. 1977. Biology of the summer flounder, Paralichthys dentatus, in Delaware Bay. Fish. Bull., U.S. 75:823–830.

Snedecor, G.W. and W.G. Cochran. 1967. Statistical methods. Iowa State Univ. Press, Ames, IA. 593 p.

Stephens, J.S., Jr. 1978. Effects of thermal effluent from Southern California Edison's Redondo Beach steam generating plant on the warm tem-
perate fish fauna of King Harbor. Field and Laboratory Study Reports for Phase III. Prepared for Southern California Edison Co., Rosemead,
CA.

Van Olst, J.C., R.F. Ford, J.M. Carlberg, and W.R. Dorband. 1976. Use of thermal effluent in culturing the American lobster. Pages 71–100 in
Public Service Electric and Gas Co. Power Plant Waste Heat Utilization in Aquaculture, Workshop I, 6–7 November 1975, Newark, NJ.

Webb, P.W. 1978. Temperature effects on acceleration of rainbow trout, Salmo gairdneri. J. Fish Res. Board. Can. 35:1417–1422.

Zar, J.H. 1974. Biostatistical analysis. Prentice-Hall, Inc., Eaglecliffs, NJ.

165



166



1 Present address: Department of Biological Sciences, University of California, Santa Barbara, CA 93106.

SIZE AND AGE AT FIRST MATURITY OF THE CALIFORNIA
HALIBUT, PARALICHTHYS CALIFORNICUS, IN THE SOUTHERN
CALIFORNIA BIGHT

MILTON S. LOVE
Marine Science Institute
University of California

Santa Barbara, CA 93106
and

ANDREW BROOKS 1

VANTUNA Research Group
Occidental College
1600 Campus Road

Los Angeles, CA 90041

ABSTRACT
In 1984, 1988, and 1989, California halibut, Paralichthys californicus, were sampled by otter trawl along the South-
ern California Bight. Males between 14 and 53 cm (total length) and females between 15 and 62 cm were examined.
Males matured at smaller sizes and younger ages than females. A few males matured at 19 cm, 50% were mature at
23 cm, and all were reproductive at 32 cm. Many males matured at age 1 and all were mature at age 3. A few fe-
males matured at 36 cm, 50% were mature at 47 cm, and all were mature at 59 cm. This corresponded to an initial
age of 2 years, 50% maturity at 4 years, and 100% at age 7.

INTRODUCTION
For at least 75 years, the California halibut, Paralichthys californicus, has been a popular commercial and sport spe-
cies in California. As summarized by Allen (1988), catches have shown a general decline over this time, with pro-
gressively decreasing peaks in the 1930s, 1940s, 1960s, and early 1980s. Over the years, various sport and commer-
cial landing limitations have been instituted, including bag and minimum size limits. Current restrictions are 56 cm
(22 inches) total length and five fish per day for the sport catch, and 56 cm and unlimited poundage for the commer-
cial fisheries.

Remarkably, little work on P. californicus maturity has been published to back up these size limits. Higgins
(1919) first addressed the question of size and age at first maturity in a study of about 800 individuals collected from
December 1918 to summer 1919. In this paper Higgins states: "The smallest ripe or milting
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male taken to date is 9 inches [22.9 cm] long. . . . The smallest spawning female is 17 inches [43.2 cm]. . . . These
figures can scarcely more than indicate that the majority of halibut are four or five years old before they become
sexually mature. . . ."

Clark (1930) acknowledges using some form of this data to conclude that, "The smallest mature fish are about 9
inches in size and the spawning fish roughly embody part of the three-year fish and all of the four-, five-, and six-
year classes as well as the more advanced ages." Clark (1931), again crediting Higgins, stated matters somewhat dif-
ferently: "The California halibut first reaches maturity at about 9 inches in length. These small fish are probably
males as they mature at an earlier age than do females. . . . The nine inch group appear to include the larger fish of
the two-year class."

No further mention of P. californicus maturity was made until Frey (1971), evidently relying partially on Higgins'
work, reported: "Males may mature as early as the second year, when they are about 9 inches long. Females start to
mature 1 or 2 years later when they are at least 17 inches long. Probably it is at the end of the fifth or sixth year be-
fore all females reach maturity." Lastly, Haaker (1975) stated: "Males mature at about 200 mm (7.87 inches) while
females mature at about 375 mm (14.76 inches).

The lack of clarity on this issue, and the increasing demand for more stringent regulations of this fishery, led us to
address the question of size and age at first maturity of the California halibut.

METHODS
We sampled P. californicus from March to July 1984, April to July 1988, and March to June 1989. As we have
noted in previous papers on rockfish, Sebastes spp., (Love et al. 1990) and white croaker, Genyonemus lineatus,
(Love et al. 1985), it is often difficult to discern immature from mature fish during the nonreproductive season (for
California halibut, September to December). Thus, we focused our study on fish taken well within the reproductive
period as ascertained in a previous study (Love, unpublished data). Fish were sampled with a 7.6-m semiballoon ot-
ter trawl along four areas of the Southern California Bight (Figure 1) at depths of 6–20 m. Most fish were frozen for
later study. Fish were measured (total length) and their sagittal otoliths and gonads removed. Initially, gonads were
examined macroscopically by us and histologically by Stephen Goldberg, Department of Biology, Whittier College.
A comparison of Dr. Goldberg's results and ours showed 100% agreement. Thus, we examined the rest of the gon-
ads macroscopically. Otoliths were dried, soaked in clove oil for about 2 weeks, and read under a dissecting micro-
scope. Three hundred thirteen males (14–53 cm) and 295 females (15–62 cm) were examined.
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FIGURE 1. California halibut, Paralichthys californicus, sampling sites within the Southern California Bight.
Crosshatched areas represent sampling locations
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The relationships between length and maturity and age and maturity was established using a transformation of

TABLE
using stepwise linear regression (SPSS, version 2.1) to obtain values for a and b (Figure 2). Fifty percent maturity

was arrived at using calculated values for a and b and Px = 0.50 to solve for x (Figure 3).

RESULTS
Males matured within a relatively narrow length range (Figure 3). While a few matured at lengths as small as 19 cm,
50% were mature at 22.7 cm, and all fish were fully mature at 32 cm (Figure 3). In comparison, females matured
over a much wider range of lengths. While a few were mature at 36 cm, 50 % of females were mature at 47.1 cm,
and all were mature at 59 cm (Figure 3).

Similar patterns were noted for age at maturity. Most males matured at age 1, and all were mature by age 3
(Figure 3). Fifty percent of males mature at 1.3 years (Table 1). A few females spawned during age 2, 50% were ma-
ture at 4.3 years, and all were mature by age 7 (Table 1, Figure 3).

TABLE 1. Maximum likelihood estimates for the parameters of the logistic equation relating proportion mature to
length and age of California halibut. Predictive age (age.50) and length (I.50) at 50% maturity and correlation

coefficients (r 2) are also presented.
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FIGURE 2. The relationship between length or age and maturity 1 expressed as a function of [Px = 1/1+eax+b ].
Natural log transformed values of the percent fish mature at size or age x (=Px) were regressed against size or age

to yield values for a and b
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FIGURE 3. The relationships between observed and predicted length/maturity and age/maturity relationships of
California halibut, Paralichthys californicus, sampled from the Southern California Bight. (Illustrated lines calcu-

lated from values based on regression equations presented in Figure 2.)
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DISCUSSION
Though the data presented by Higgins (1919), Clark (1930, 1931), Frey (1971), and Haaker (1975) were similar to
our results, there were some noteworthy differences. Our male length at 50% maturity (22.7 cm) was very close to
the minimum length found by Higgins, although we found some fish that matured at smaller lengths (down to 19
cm). Similarly, while the smallest spawning female of Higgins and subsequent authors was 43.6 cm, between 15 and
50% of females 36–43 cm were mature in our study. Higgins' minimum figure was close to our 50% maturity length
of 47.1 cm.

Frey's statements on age at maturity were most like our own findings. The highest percentage of our males ma-
tured at age 1 (Frey's "second year") and most females at ages 3 and 4, also corresponding to Frey's report. A few fe-
males matured earlier than noted by Frey and a few were still immature at age 6 (Frey's "seventh year"), an age
when Frey believed all halibut to be mature. Haaker's lengths at maturity for males (20.0 cm) and females (37.5 cm)
are very close to our minimum size at first maturity.

As previously mentioned, the current minimum sport and commercial length for P. californicus is 56 cm. This
corresponds to 100% maturity for males (32 cm) and almost that for females (59 cm). Based of this size limit and
50% maturities of 22.7 and 47.1 cm, males will have 4–5 years to reproduce and females 1 or 2 years before reach-
ing legal size.

We compared P. californicus length and age at maturity with published records from Atlantic and Caribbean spe-
cies of Paralichthys (Table 2). Males mature at a smaller size than females in three species (P. californicus, P.
dentatus, and P. lethostigma) , but apparently not in a fourth (P. albigutta) . There does not appear to be any relation-
ship between maximum size and size at first maturity. For instance, P. albigutta and P. dentatus mature at about the
same length, even though P. dentatus grow to about three times the size. With the exception of P. californicus, all the
Paralichthys listed mature at about age 2. California halibut males begin to mature slightly earlier and females con-
siderably later.

TABLE 2. Age and length at first maturity of four Paralichthys species.
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ABSTRACT
Research concerning reproductive parameters of the California halibut, Paralichthys californicus, maintained in cap-
tivity was undertaken as the first step towards investigating the early life history stages of the species. Brood stocks
were placed under natural (outdoor) and artificially simulated (indoor) environmental conditions. Fish in natural
situations produced 27 spawns from February through May 1986; 5 spawns from March through April 1987; and 64
spawns from late March through September 1988. Since tanks held multiple females, the number of fish participat-
ing per spawning incident was unknown and spawning frequency can only be estimated. Diel estimates of fertiliza-
tion time were made from comparisons with egg development studies conducted earlier. Spawning during 1986 ini-
tially occurred during the late afternoon but became primarily nocturnal as the reproductive season progressed. In
contrast, spawning in 1988 typically occurred in late afternoon throughout the season with no apparent diel
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periodicity (in 1987, spawning was too infrequent for meaningful analysis). Halibut residing under simulated envir-
onmental conditions never successfully spawned until 1988 following their introduction into a larger tank. Approx-
imately 55 spawns were recorded beginning in mid-January and continuing to October, although a large percentage
of these eggs were nonviable. Halibut injected with lutenizing hormone, LHRH, produced eggs which were manu-
ally stripped and fertilized, but egg viability was variable and fertilization success significantly below noninjected
individuals. At this time, the precise influence exerted by environmental factors (temperature and photoperiod) on
spawning of California halibut is only partially known because synergistic interactions among variable laboratory
conditions, nutrition, and social behavior are poorly understood. However, both in the laboratory and in the field,
halibut usually begin spawning in the winter or early spring following the lowest annual temperatures and shortest
photoperiod. Behavioral observations of halibut suggest that inadequate tank size adversely impacts spawning beha-
vior.

INTRODUCTION
The California halibut, Paralichthys californicus, is highly prized by both commercial and sports fishermen along the
southern California coast. Historically, halibut populations were quite abundant, supporting a sizable commercial in-
dustry (Clark 1931; Holmberg 1949). However, current total commercial catches remain severely depressed com-
pared to landings reported during the early 1900s. Although fishing pressure (Clark 1930; Martin 1983) and habitat
depletion are the most probable causes (Kramer 1990), insufficient knowledge of life history and population dynam-
ics precludes reliably assessing these declines and implementing effective management programs.

Studies were initiated in 1984 to investigate the early life history stages of California halibut. Research goals in-
cluded: 1) establishing several captive brood stocks and inducing year-round spawning; 2) formulating optimal rear-
ing protocols for larvae; and 3) assessing the feasibility of augmenting the natural population with hatchery reared
individuals. Prior to recommending production-scale hatchery operations, these three components must be evaluated
and quantified. In addition, this research would generate valuable life history information, supplementing current
knowledge. Results concerning the first goal are reported here.

Efficient aquaculture operations require sustained egg production at manageable levels, yet most temperate mar-
ine species exhibit relatively short, but intense, spawning seasons limiting both the scope and duration of experi-
mental work. Productivity would be greatly enhanced if spawning periods were artificially protracted and spawning
activity induced when desired. Field investigations indicate California halibut spawn year-round in the Southern
California Bight, but show an intensive winter–spring spawning pattern (Lavenberg et al. 1986).

In studies investigating induced spawning of temperate marine fishes, photoperiod and temperature are most often
cited as the dominant exogenous cues (De Vlaming 1972; Sundararaj and Vasal 1976; Johns and Howell 1980;
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Crim 1982; Bye 1984; Reay 1984). Manipulating photoperiod and temperature, in conjunction with hormonal injec-
tions, typically induces successful ovulation (Smigelski 1975a; Arnold et al. 1977; Hettler and Powell 1981; Minton
et al. 1983). However, hormone effectiveness is quite dependent on dosage (Haydock 1971), time between injections
if multiple dosages are required (Lam 1982), initial stage of oocyte development (Colura 1974; Hoff et al. 1978),
and environmental conditions (Bye 1984). Hormone-induced spawning techniques often produce significant propor-
tions of nonviable eggs through improper maturation, egg overripeness, or imposed stress from handling (Stevens
1966; Arnold et al. 1976; Roberts et al. 1978). Therefore, spawning inducement was attempted by relying upon en-
vironmental conditioning and employing hormones only if ovulation appeared unlikely. Knowledge from this work
could then be applied towards designing a program of year-round spawning by alternating appropriately conditioned
brood stocks.

METHODS
Brood Stock Acquisition and Care
California halibut were collected with rod and reel, otter trawls, and donations. Each individual received 96-h Pre-
furan antibiotic treatments followed by 4-h formaldehyde (39% HCOH at 0.13 ml/L) baths that eliminated ectopara-
sites. After 1 week isolation, each fish was weighed, measured, sexed, marked with plastic floy tags, and segregated
into experimental spawning tanks under either artificial or natural environmental conditions. Sexing was accom-
plished by inserting a catheter (constructed from flexible 2-mm diameter tubing attached to a hypodermic syringe
fitted with a 12-gauge needle) into the gonad and removing and examining the gametes. This method proved unreli-
able for immature individuals (<33 cm SL). Monogenetic trematode infestations, presumably facilitated by the con-
fined holding conditions and relatively high fish densities, initially killed approximately 25% of the laboratory fish.
Bioassay experiments utilizing varying concentration of formaldehyde and Dylox revealed the former to be superior
in controlling these parasites (Table 1). Bimonthly formaldehyde treatments administered at 0.13 ppm for 4 h within
each holding tank, successfully eradicated the trematodes with no observable detrimental effects to the brood stock.

Feeding
Adequate feeding plays an important role in gonad maturation (Hoff et al. 1972; Middaugh and Lempesis 1976;
Reay 1984). Halibut were fed approximately 2% of their total body weight three times each week in 1985, 1986, and
1987. Food types included frozen white croaker, Genyonemus lineatus; Pacific mackerel, Scomber japonicus; north-
ern anchovy, Engraulis mordax; and queenfish, Seriphus politus, all considered natural prey. Periodic growth meas-
urements conducted on each individual allowed subjective evaluations of brood stock health. Feeding procedures
were modified in 1988 to evaluate seasonal feeding patterns and any possible relationship with spawning activities.
Fish were fed to excess with frozen fish obtained from local retailers (surf smelt,
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TABLE 1. Toxic effects of formaldehyde (39% solution) and Dylox disinfectants on monogenetic trematodes.
Trematodes were removed from infected fish and placed in 3-L containers. Numbers refer to actual counts of

trematodes killed at the end of each time period. N=20 for each trial.
Hypomesus pretiosus; herring, species unknown; and Pacific mackerel) and the amount of food consumed recorded.

Hormone Injections
Initially, powdered carp pituitary was administered at various dosages to induce spawning. This hormone was injec-
ted intramuscularly with 2-cc syringes fitted with 25-gauge needles; an isotonic sodium chloride solution was used
as the carrier. Careful retraction and pressure placed over the needle entry point minimized fluid loss. Based on our
earlier experimental work with field specimens, hormone effectiveness was not increased through successive injec-
tions or primer dosages. Females were considered eligible for hormone injection if eggs were distinctly spherical, at-
tained average diameters of 0.4 mm, and yolks through vitellogensis appeared yellowish-orange.

Since attempts to hormonally induce captive halibut spawning with carp pituitary were unsuccessful, another hor-
mone, lutenizing hormone-releasing hormone analog (LHRH-a), was investigated. LHRH-a was administered intra-
muscularly at predetermined dosages, using the same methodology described above. In the first trial, conducted Oc-
tober 1987, one 5 kg female was injected at 1700 h with LHRH-a at a dosage of 50 [u]g/kg of body weight. Ovarian
development was evident approximately 40 h after injection and monitored (through catheter insertion) at 40, 48,
and 64 h; eggs were manually stripped at 64 h.

On 25 January 1988, a second trial was conducted using the same fish (no weight change) and LHRH-a dosage.
Manual stripping of the eggs was attempted at 24, 42, 48, 66, and 72 h following injection. When stripping was suc-
cessful, eggs were fertilized with sperm from at least two males. To determine dosage effectiveness and avoid hor-
mone-induced fish mortalities, another female (8 kg) was injected on 22 March with LHRH-a at a lower dose of 30
[u]g/kg and eggs extracted at 48 and 64 h after hormone injection. The fourth and last trial occurred on 23 June us-
ing a 4.8 kg female and 50 [u]g/kg hormone dosage. Eggs were stripped at 41 and 64 h.
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Experimental Conditions
Brood fish were conditioned under two environmental regimes. California halibut subjected to artificially recreated
photoperiod and temperatures were partitioned into two indoor groups, and a third group, considered the control,
was placed outside and maintained under natural variations of temperature and light.

Natural Conditions (Group I)
January 1985–October 1988. Fish were released into a 20,000 L cylindrical, redwood tank (depth 2.5 m, diameter
4.9 m) covered with a black vinyl canopy (Figure 1A). Gravel (2–5 cm) lining the bottom provided suitable habitat
to accommodate burying activity but was not deep enough to completely cover the fish. Sunlight penetrated through
two side viewing ports and a circular rooftop access hole. Ambient water flow was 20 gpm, producing exchange
rates of 98% per day (calculated from Kraul et al. 1985). Water was also circulated through a pressurized sand and
25-[u]m cartridge filter system that removed large particulate matter and served as an auxiliary biofilter. Water qual-
ity parameters (pH, dissolved oxygen, and ammonia) were routinely monitored.

Brood stock composition and numbers varied from 1985 to 1988 but remained relatively constant (Table 2). Eggs
were collected in a double-walled circular fiberglass tank (50-cm diameter) placed over the surface drain (Figure 2).
Floating eggs entered and spilled through a horizontal row of 2.5-cm holes situated along the outer wall's upper rim.
The inner standpipe maintained water levels below these outer holes, stopping eggs from flowing outward. A Nitex
333-[u]m mesh filter screen surrounding the standpipe retained and concentrated the buoyant ova, facilitating their
removal via siphoning. If removed within 10 h, total egg loss through mechanical damage was estimated to be below
2%. Spawning time was estimated by comparing spawned eggs to an egg developmental series compiled from previ-
ous laboratory work (Gadomski and Caddell 1991) with hormonally spawned fish.

Artificial Conditions (Group II)
February 1985–June 1986. Ten California halibut were transferred from acclimation tanks into two 3000 L vinyl
pools (depth 1 m, diameter 2.5 m) provided with sand substrate (2–4 cm) in February 1985 (Table 2). Seawater was
recirculated through a treatment system consisting of a pressurized sand filter, oyster shell biofilter, 25-[u]m cart-
ridge filter, air compression water chiller, and twin UV sterilizers (Figure 1B). Recirculating flow rates were approx-
imately 30 gpm. Photoperiod manipulations simulating sunrise, daylight, and sunset, were accomplished using a
timer-controlled array of incandescent and fluorescent lights suspended 1.5 m over each pool. Previous studies
linked reduced light levels with successful spawning of marine species (Olla et al. 1972; Kuronuma and Fukusho
1984). Verheijen and De Groot (1967) concluded that high light intensities inhibited normal daytime activity of
plaice, Pleuronectes platessa. Therefore, darkened plastic sleeves were installed over the fluorescent bulbs to reduce
light intensities.
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FIGURE 1. Experimental holding conditions for captive halibut brood stocks. The artificial system depicted repres-
ents the system installed in the summer of 1986 when the two smaller breeding tanks were replaced with one larger

tank
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TABLE 2. Chronology of holding conditions for California halibut brood stocks. Note artificial brood fish were
combined in 1986 (*). Weight is in kg, length is in mm and stocking density is number of fish per 1000 L.

FIGURE 2. Schematic of egg collecting basket. Cut away view reveals inner standpipe and lower water level. Water
exits through Nitex mesh screen into the standpipe but eggs are retained. See figure 1A for actual placement in

brood stock holding tank system
Larval California halibut abundance data collected from ichthyoplankton surveys (Lavenberg et al. 1986),

nearshore environmental parameters (Petersen et al. 1986) and Gonadal- Somatic Index analysis of adult halibut
(M.S. Love, University of California, Santa Barbara, pers. comm.), indicated halibut spawning usually commenced
after the shortest annual daylength and coldest water temperatures. Simulated environmental regimes were thus pat-
terned after water temperature and photoperiod conditions typical for this time period (Figure 3D). Oocyte develop-
ment was monitored by ovarian sampling conducted every 3 months.
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FIGURE 3. Photoperiod and temperature regimes recorded for experimental holding conditions during 1985–88.
Photoperiod of the natural group was not directly measured but derived from local tide table publications

July 1986. General observations indicated the smaller tank size suppressed halibut reproductive behavior (see dis-
cussion). To test this hypothesis, the two vinyl pools were replaced with one 12,780 L vinyl pool (depth 1.2 m, dia-
meter 3.7 m) and the two brood stocks combined (Table 2). All other environmental control systems were used with
minor modifications (Figure 1B).

September 1986. Because fish had been in captivity for over 1 year, an attempt was made to compress the spawn-
ing cycle from 1 year to 6 months. The environmental conditioning cycle began in September on a brood stock con-
sisting of three females and four males. Water temperatures were reduced to approximately 13.5° by early December
and maintained between 14.0°C and 16.5°C thereafter (Figure 3E). Daylength was reduced to 10 h light in Novem-
ber and gradually increased to 12.5 h light by January.
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January 1988. Based on spawning patterns displayed by Group I (natural) brood stock fish from 1986 to 1987,
seasonal temperature cycles appeared less important in stimulating gametogenesis than maintaining water temperat-
ures within a specified range and manipulating photoperiod. Temperatures, therefore, were maintained between 15.0
and 16.5°C from January through October 1988 except during several weeks between June and July when cooling
requirements exceeded the capacity of the chilling system. Photoperiod began at 8.0 h light in January and was se-
quentially increased each month by 1.5 h to a maximum of 12.5 h light (Figure 3F).

March 1988. The original monochromatic fluorescent lights were replaced with "full spectrum" fluorescent tubes
that more accurately simulate natural sunlight by providing greater amounts of wavelengths in the blue and ultravi-
olet range.

RESULTS
Feeding
Measured weight increases exhibited under laboratory conditions during the study averaged 8.9% and approximated
reported field growth length-weight relationships (Figure 4; Frey 1971; Haaker 1975) indicating a reasonable condi-
tion factor for all brood stock groups. Food consumption rates in 1988 varied throughout the year but appeared more
variable with fish under artificial conditions than naturally maintained brood fish.

FIGURE 4. Length-weight relationships of experimental groups and regression line derived from field specimens
(Haaker 1975)
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Spawning
Group I—Natural
1985–86. in 1985 ambient water temperatures progressively declined from an October peak of 19.8°C to a Decem-
ber low of 14.0°C (Figure 3A). Starting in January 1986, water temperatures increased slowly but remained relat-
ively constant from February through May (15.0–16.5°C); large temperature changes were the result of oceano-
graphic conditions at the offshore intake pipe, while daily fluctuations of approximately 0.5°C often resulted from
solar heating of the tank. Disruption of the ambient water source from 28 December to 4 January caused on abrupt
temperature spike that appeared inconsequential to reproductive behavior. Photoperiod gradually declined from just
over 13 h light in September to a low of about 9.5 h light by January. Day length continually increased after the third
week of January. Spawning occurred during photoperiods above 11 h light and water temperatures of 15.0–16.5°C;
spawning ceased when photoperiod reached 13.5 h light.

California halibut spawned 27 times between February and mid- May 1986 (Figure 5A). Spawning activity was
initially sporadic but rapidly intensified after the fifth spawn occurring at 1–2 d intervals for six successive spawns
in April (Figure 6A). Spawning activity slowed noticeably in early May as spawns occurred every 4–7 d and ceased
by 20 May. Initially, most spawning took place 6–11 h after sunrise (1400–1700) but became predominately noc-
turnal in April and May (11.5–15.5 h after sunrise [1800–2200]). Total egg production exceeded 10 million eggs.
Fertilization success normally surpassed 90%, although eggs from two spawns never developed and appeared unfer-
tilized. We attribute this phenomenon to unsynchronized gamete release between the sexes.

Although the spawning act of captive halibut was never observed, laboratory observations of other pleuronecti-
form species indicate that several males attend one larger female with limited courtship behavior (Breder and Rosen
1966; Arnold et al. 1977). On days when California halibut spawned, participating females remained uncovered con-
stantly vibrating their dorsal fins. Egg hydration noticeably distended the abdominal region and arched the ventral
body surface off the tank bottom; normal body morphology returned following oviposition. Only three females were
present in the brood stock at this time and one was reproductively immature. Therefore, each of the two females
spawned at least 13 times confirming California halibut as multiple spawners. In all probability, each female
spawned more frequently because observations of body morphology changes suggested females spawned concur-
rently rather than alternating between spawns. On the average, each female emitted approximately 420,000 eggs per
spawn and produced almost 5.5 million eggs for the entire season (Table 3). Spawning frequency was estimated at 7
d.

1986–1987. In 1987, spawning of halibut residing under natural conditions began on 1 March and continued until
early April. Spawning activity was significantly diminished compared to spawning of the previous year, and only
five spawns occurred producing approximately 1.5 million eggs. Water temperatures were slightly below those of
1986 (13.5–15.5°C versus 14.5–16.5°C) during this time and may have delayed spawning (Figure 3B). However,
gonad biopsies conducted on two females after spawning ceased, revealed the ovaries
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TABLE 3. Spawning results for California halibut calculated from captive brood stocks. Values presented are
standardized per female. Spawning frequency equals the average number of days between spawning episodes

over the spawning season for that year.
had severe bacterial infections effectively blocking the oviduct. Extracted eggs appeared hydrated but were atretic.
The infection was successfully treated with antibiotics and ovarian development partially resumed. Water temperat-
ures were above 16.5°C during most of May and decreased slightly below 16.0°C during the last week of May. We
believed this condition might induce spawning since halibut spawned most often in temperatures below 16.5°C dur-
ing the previous year. Females were anesthetized and ovaries examined for spawning condition on 29 June. Egg dia-
meters in the largest female averaged 0.43 mm with some as large as 0.62 mm (exceeding the minimum 0.4 mm size
required for hormone injection); thus hormones (carp pituitary) were administered resulting in egg hydration. Again,
inflammation of the oviduct blocked oviposition even when manual stripping was attempted and no further spawn-
ing occurred. Spawning output noticeably diminished compared to the previous year as eggs produced per spawn
and for the entire season were 313,000 and 1.5 million, respectively (Table 3). The spawning frequency of 7.2 d,
however, was similar to that observed from the previous year.

1987–88. Winter water temperatures in 1988 were similar to other years with cold temperatures (13.0–15.0°C)
prevailing through March (Figure 3C). Spring water temperatures, however, were different from the prior 2 years in
that cold water persisted into early summer. Ambient water temperatures during May uncharacteristically cooled be-
low 15°C until late June when temperatures rapidly increased to 18°C (Figure 3C). Consistent spawning began in
mid-May (one small spawn occurred in late March) and continued through September (Figure 5C). This pattern
differed from the previous 2 years when spawning occurred primarily during March and April and ended in May.
Further, spawning activity in 1988 continued in water temperatures well above 18°C compared to the prior two
years when spawning ceased at water temperatures above 16.5°C.

Sixty-four spawns were recorded producing over 38 million eggs which greatly surpassed reproductive output
from any prior year. Spawning occurred every other day for six to seven consecutive spawns with limited resting
periods (Figure 6B). Based upon a female population of five, each female spawned at least 13 times producing ap-
proximately 589,000 eggs per spawning event.
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FIGURE 5. Recorded spawning events for halibut brood stocks held under natural conditions. No spawns occurred
during falls of 1985–87
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Seasonal egg production equaled about 7.6 million eggs but the calculated spawning frequency dropped to 14 d
(Table 3).

Group II-Artificial
1985–86. California halibut subjected to artificial conditions exhibited well developed gonads following increased
water temperatures and photoperiod in February. Since analogous environmental regimes were inducing the natural
brood stock to spawn, an 11 h daylength and 16.0°C temperature were maintained during March and April (Figure
3D) to improve the likelihood of spawning. When no spawning occurred under these conditions, hormone injections
(carp pituitary) were administered in mid-May because presumably oocytes were sufficiently mature, based on pre-
vious work. Two spawns followed the hormone injections, but eggs were malformed and nonviable.

1986–87. The environmental conditioning cycle began in September 1986 on the brood stock combined in July.
Halibut exhibited limited ovarian development by late March 1987 with few eggs progressing beyond primary oo-
genesis. Because spawning was anticipated in late February, each female received hormone injections (carp pituit-
ary) to induce spawning; no response occurred so this inducement trial was terminated. During April, temperatures
and photoperiod were reduced simulating winter conditions with the expectation that ovarian maturation might be
stimulated (Figure 3E). This was partially successful as egg diameters increased somewhat by late May, but mean
oocyte diameters remained far below the minimum size of 0.4 mm necessary for successful hormone injection. Tem-
peratures were raised to 16°C in August to simulate spring water conditions, however, gonadal examinations con-
ducted in mid-August and October revealed no further oocyte development.

1987–88. Group II spawned naturally for the first time 18–20 January 1988 producing over 500,000 unfertilized
eggs (Figure 7). After a several month hiatus, spawning activity recommenced during April and occurred through
early October. Spawning activity increased in intensity through July falling off after August. There were only two
females in the tank during this spawning period, one of which was noticeably emaciated; gonadal biopsies revealed
no evidence of ovarian development. Thus all spawning activity resulted from just one female that had resided under
artificial conditions since 1985. Spawning intervals of 1–3 d were sustained over several months (Figure 6) aver-
aging approximately 325,000 eggs every 5 d with total egg production exceeding 17 million for the season (Table
3).

This spawning effort was not entirely successful as spawned eggs exhibited significant reductions in fertilization
success and viability rates compared to spawns from Group I residing under natural conditions. Almost 90% of all
spawns examined exhibited abnormal or non-fertilized eggs, often accounting for over 50% of all eggs produced.
During August and September seven spawns were closely examined to document egg morphology and quantify the
proportion of viable eggs. In one spawn, no eggs were viable; in five spawns, less than 2% of the eggs appeared nor-
mal; only one spawn had normally developing ova in excess of 50%. Most eggs appeared malformed and were neg-
atively buoyant, but we could not always clearly distinguish unfertilized eggs
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FIGURE 6. Elapsed time between consecutive spawns. A) and B) Group I brood stocks; C) Group II brood stocks
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FIGURE 7. Recorded spawning events for halibut brood stocks held under artificial environmental conditions. No
spawns occurred until January of 1988

from those that were fertilized and had ceased development at an early stage. However, because fertilized eggs were
recovered in most spawns, undeveloped eggs probably were nonviable.

Hormone Injection
Attempts to hormonally induce spawning of captive halibut with carp pituitary were largely unsuccessful. Although
eggs were expelled in several trials, resultant eggs appeared abnormal and fertilization was unsuccessful. Experi-
ments employing LHRH-a, however, consistently showed positive results at various dosages. In the first trial ovari-
an development was evident approximately 40 h after injection and monitored (through catheter insertion) at 40, 48,
and 64 h (Table 4). Eggs were successfully stripped at 64 h and fertilization success was about 15%.

On 25 January 1988 eggs were successfully stripped at 42, 48, 66, and 72 h following injection and totaled almost
500,000 (Table 4). Successful ovulation and fertilization rates appeared highly dependent upon time following injec-
tion. No eggs could be manually stripped 24 h after injection; egg numbers manually stripped at 42, 48, and 66 h in-
creased with time but fertilization success and survival decreased; by 72 h, both the number of eggs stripped and fer-
tilization success declined. More eggs were stripped the third day than the second day after injection, but many fer-
tilized eggs developed abnormally; all eggs stripped at the last time period died before hatching. Five days after the
initial injection the female died, possibly from stress associated with handling and reinjection procedures.
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TABLE 4. Egg production from LHRH-a injection trials. Eggs were manually stripped and fertilized.
To determine dosage effectiveness and avoid hormone-induced fish mortalities, another female was injected in

late March with LHRH-a at a lower dose of 30 [u]g/kg. Ovarian swelling was observed 2 d later and a total of ap-
proximately 61,000 eggs were taken 48 and 64 h after hormone injection. Normal egg development occurred in 30%
of the fertilized eggs.

The fourth trial conducted on a 4.8 kg female successfully produced 237,000 eggs 41 h following injection with a
fertilization success of 47%. Although egg buoyancy was abnormal (many developing eggs sank instead of floating),
hatched larvae were reared past the stage of first feeding (6–10 d). Eggs obtained 64 h after injection, had extremely
low fertilization rates and died within several days.

DISCUSSION
Numerous factors synergistically influence fish reproduction, including adequate nutrition, pheromones, tidal cycles,
temperature, photoperiod, water quality, and social interactions. Elucidating the precise reproductive role of each
factor through laboratory studies is hindered because the diverse experimental conditions adopted by various invest-
igators lead to inconsistent and often contradictory results (Bye 1984). Laboratory conditions remove numerous en-
vironmental variables, possibly elevating the relative importance attributed to individual environmental stimuli. Fur-
thermore, reproductive cycles are adaptive and probably species specific (Scott 1979). Despite these problems, gen-
eral patterns can be postulated for individual species.

Feeding
Inadequate food availability can seriously inhibit gonad maturation. Tyler and Dunn (1976) reported that winter
flounder, Pseudopleuronectes americanus, under conditions of imposed starvation, significantly reduced or elimin-
ated yolk-bearing oocyte production. The authors concluded that this species adopts
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a strategy favoring somatic anabolism over ovarian development when food supplies are limited. California halibut
were fed in excess to avoid this problem. Correlating precise feeding trends with environmental or physiological
factors was complicated by the fact that ingestion rates and spawning activity were related to the entire brood stock
rather than to individual fish. In general, feeding may be indicative of physiological condition as increased stress ad-
versely affects feeding behavior resulting in reduced ingestion rates, weight loss, and overall poor health (DeGroot
1971). In our studies, length-weight relationships equaled or exceeded those reported from the field (Haaker 1975)
indicating brood stock health was adequate.

Temperature and Photoperiod
Temperature and photoperiod are generally regarded as the primary exogenous factors regulating sexual maturation
and effecting the timing of teleosteon reproduction (De Vlaming 1972; Scott 1979; Crim 1982; Bye 1984). Spawn-
ing of California halibut held under natural environmental conditions (Group I) generally began in later winter
(February–March) following the lowest temperatures and shortest photoperiods. Thus, decreasing fall photoperiod
and water temperatures may provide the exogenous cue for oogenesis, while the increasing daylengths of early
winter induce final maturation and spawning. Based on spawning patterns displayed by Group I and Group II, sea-
sonal temperature cycles appeared less important in stimulating gametogenesis than maintaining water temperatures
within a specified range and manipulating photoperiod. These results are comparable with findings from other stud-
ies (Bye 1984) where pleuronectiform fishes were successfully spawned by holding temperature constant and in-
creasing photoperiod. Devauchelle et al. (1987) observed with sole, Solea solea, spawning was obtained through
cyclic daylength variations only, and annual cyclic temperature variations were unnecessary although adjustment
within a specified temperature range was important.

Analysis of environmental parameters suggest for California halibut spawning commences when water temperat-
ures range between 15.0°C and 16.5°C and daylength exceeds 10.5 h. Spawning of Group I halibut in 1988 may
have been delayed due to the persistent suboptimal water temperatures. Spawning was also delayed in the wild that
year as newly settled larvae were collected through September (Kramer 1990).

Data from the first two spawning seasons of Group I indicated spawning ceased in April–May once average tem-
peratures exceeded 16.5°C. Spawning of Group I in the 1987–88 season appeared less influenced by temperature as
spawning continued throughout the summer and well into September when temperatures consistently surpassed
16.5°C and even reached 19.0°C. Likewise, the relationship between reproductive processes and photoperiod re-
mains unclear. Group I spawning in 1986 and 1987 ceased when daylengths exceeded 13 h light but apparently exer-
ted no inhibitory influence during 1988 as spawning continued through the summer when yearly daylengths are the
longest. Spawning activity of Group II cannot help resolve photoperiod
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questions since imposed daylengths rarely exceeded 12.5 h light. Furthermore, the lack of comparable-treatment
brood stocks under various simulated environmental regimes limits definitive conclusions.

Based on these results, ascertaining the precise influence environmental factors exert on spawning activity is diffi-
cult. Yearly variations in production and spawning behavior must be cautiously interpreted since brood stock com-
position, temperature regimes, and holding conditions varied. In previous field studies California halibut larvae were
found year-round but exhibited a pronounced winter–spring pattern of high abundance (Lavenberg et al. 1986). The
interrelationship of temperature and photoperiod and possibly other, as yet, unidentified influences, e.g. behavioral
interactions, requires further elucidation before determining the extent of control over spawning behavior.

Holding Conditions
The Group I brood stock spawned throughout this study while Group II fish, under simulated environmental condi-
tions, failed to spawn until the third year. Although not precisely equal, both groups were subjected to equivalent en-
vironmental regimes as the major seasonal cycles were duplicated under controlled conditions and synchronized
with ambient patterns. The well-developed ovaries of individuals in the artificial brood stock group substantiate the
stimulatory effect incurred by simulated environmental regimes. Previous studies with other species demonstrated
environmental parameters need only approximate seasonal conditions to induce spawning (Lasker 1974; Arnold et
al. 1977; Hoff et al. 1978; Roberts et al. 1978) and suggest minor environmental differences between the experi-
mental groups were not responsible for spawning failure.

Besides environmental parameters, other holding conditions such as tank configuration, size, and color; placement
indoors versus outdoors; light quality; captivity period; and brood stock composition and age differed between
Group I and Group II and could potentially influence reproductive behavior. Because of limited laboratory space and
halibut brood stock numbers, most of these factors could not be controlled and compared between the different
brood stock groups, precluding meaningful discussions here. Distinct behavioral differences, however, observed
between groups I and II, invoke the tentative hypothesis that reduced tank size, through behavioral modification, in-
hibited spawning activity of the group II fish.

California halibut in the 3000-L tanks often exhibited frantic swimming motions, occasionally slamming them-
selves against the tank wall if disturbed. Personnel simply entering the experimental room could elicit this response.
When swimming quickly in smaller tanks, halibut constantly rubbed their jaws against the tank walls causing lesions
and jaw damage that could be a significant source of stress. On other occasions, swimming fish responded to the ob-
servers presence by immediately sinking, darkening, and assuming a rigid posture. Similar behavioral sequences
were designated "Fright Responses" by Olla et al. (1972) for Paralichthys dentatus and defined as a response to a
sudden stimulus.

Previous investigators noted that flatfish have a predominate or significant diurnal activity pattern (Kruuk 1963;
Verheijen and De Groot 1967). Group II brood fish remained buried and were rarely observed swimming or resting
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above the sand. In contrast, most Group I fish appeared primarily day-active and were frequently observed swim-
ming throughout the water column. Upon visually sighting laboratory personnel, these fish would swim upwards
and concentrate near the surface expecting to be fed. This rather domesticated behavior never characterized the
Group II fish even though their captivity extended for a period of nearly 2 years. Also no physical damage such as
lesions or tank-induced sores were observed on Group I halibut.

One female, whose physical condition progressively deteriorated while confined in the smaller pools, quickly re-
covered following transfer to the larger redwood tank, where she subsequently spawned. Furthermore, the close at-
tendance of males to a swimming female may be periodically interrupted by striking the tank walls disrupting the
synchronous release of gametes or adversely impacting spawning behavior. R. Leong (National Marine Fisheries
Service, La Jolla, California, pers. comm.), utilizing larger tanks (5000–41,000 L), successfully induced halibut
spawning employing similar artificial environmental regimes. Smigelski (1975b) hypothesized spawning failure of
laboratory held Paralichthys dentatus may result from inadequate water depths. Although the vinyl tanks were shal-
lower than the outdoor tanks (1.2 versus 2.5 m), the precise significance, if any, is unknown.

Halibut were transferred from the 3000-L tanks into one 12,780-L tank in the summer of 1986, effectively doub-
ling the living area. No spawning occurred during 1987 but a general reduction of frantic swimming behavior was
observed. After acclimating to these modified conditions for approximately 18 months, prolonged natural spawning
commenced in 1988.

Diel spawning activity in 1986 became predominately nocturnal as the reproductive season progressed. A similar,
but less pronounced spawning pattern was evident in Group I fish during 1988 but most spawning took place in the
late afternoon (1430– 1700). Numerous marine fish species exhibit well defined diel spawning patterns (Marshall
1967; Ferraro 1980). One must question whether captive conditions disrupted timing cues or if the observed pattern
represents normal behavior. For instance, lunar-dependent reproductive cycles are often influenced by associated
processes, such as tides and currents, that laboratory situations remove. Once these environmental factors became
decoupled, diel spawning periodicity could become increasingly unsynchronized.

Fluctuating spawning intervals suggest that maturation cycles change during the reproductive season. Maturation
rates are influenced by temperature, daylength, food availability, population size, and age structure (Hunter and Le-
ong 1971). Reproductive variations must be cautiously interpreted since laboratory-held brood stock composition
changed each year. Spawning frequency varied from 4.7 to 14 d over the 3 year study period with spawning per fe-
male occurring approximately once every 7 d. Since spawning events likely involved several females, the longer
spawning frequency calculated for Group I in 1988 by assuming each female spawned independently is probably an
artifact of the larger female brood stock size rather than less frequent spawning. Another explanation simply entails
that numbers of individuals participating in each spawn differs, changing the calculated spawning frequency.
Spawning parameters of Group II fish in 1987–88 resulted from one female, indicating California halibut can con-
sistently spawn three to four times each week over several months. However, this may be somewhat deceiving since
approximately
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35% of these spawns involved less than 100,000 eggs with extremely low viability rates. In addition, small spawns
of nonviable eggs by Group I fish probably were undetected because the deeper tank depth and quiescent recirculat-
ing water flows would greatly facilitate sinking of nonviable ova.

Hormones
The response of female California halibut to carp pituitary was largely unsuccessful. This failure may result from the
quality of the pituitary extract which varies significantly between purchased batches, because pituitary glands are
extracted year-round without regard to the female carps' reproductive state. The actual concentration of hormones
and relative potency in commonly available pituitary extracts is not standardized, leading to unpredictable
(non-repeatable) results. Furthermore, the precise effect pituitary extract has upon fish of different species is poorly
understood and even if fish were properly conditioned, successful inducement is not assured.

LHRH-a is a peptide that controls the synthesis and release of gonadotropins by the pituitary (Lee et al. 1986).
Thus LHRH-a actually stimulates gonadotropin production of the injected fish, closely approximating the matura-
tion process and reducing complications associated with interspecies hormonal differences. All trials employing this
hormone induced halibut spawning with varying levels of success. Results indicate that most viable eggs are extrac-
ted approximately 2 d after injection even though greater numbers of eggs were stripped up to 1 d later. LHRH-a
could also potentially reduce acclimation times in captivity. The 23 June 1988 spawning trial was particularly note-
worthy because the fish was held under artificially simulated conditions less than 8 months, significantly less than
normal acclimation periods of 2 years. Thus, a useful egg production strategy may involve conditioning California
halibut ovaries through environmental manipulation and completing egg maturation with LHRH-a.

CONCLUSIONS
In conclusion, California halibut can be successfully spawned in captivity under natural (outdoor) and artificially
simulated (indoor) conditions. Spawning typically starts after the coldest annual water temperature and shortest
daylength. Spawning most often occurs when water temperatures are between 15.0°C and 16.5°C although spawn-
ing of Group I fish in 1988 continued in water temperatures well above 18°C. Fluctuating photoperiod appears par-
ticularly important as spawning rarely occurs below daylengths of 10.5 h. However, longer daylengths exerted no in-
hibitory effect on Group I fish during the 1988 spawning season. Concurrently held brood stocks located indoors
and subjected to artificially simulated photoperiod and controlled water temperatures failed to spawn for 16 months
until placed into a larger tank. Our observations suggest that the initial failure of brood fish to spawn under artifi-
cially simulated conditions resulted mostly from inadequate tank size, although inconsistent environmental regimes
could also play an important role. LHRH-a injections successfully induced halibut spawning at several dosages and
potentially can be used to reduce acclimation times or induce spawning when necessary for egg or larval fish experi-
ments. This study can only be considered preliminary and additional experiments using brood stocks under various
environmental regimes are needed to elucidate the precise environmental parameters for sustained spawning. Re-
commended conditions to induce spawning are presented in Table 5.
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TABLE 5. Recommended conditions for spawning California halibut.
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ABSTRACT
To document movement and estimate growth rates, 1052 California halibut, Paralichthys californicus, were tagged
and released off the central California coast from April 1987 through December 1988. Based on 42 preliminary re-
coveries as of 1 January 1989, annual growth averaged 67 mm/year for fish of 428–561 mm total length. Movement
data showed that 55% of tag recoveries exhibited no net movement from point of release and that movement dis-
tance was not related to time at liberty nor to size at time of tagging. Fifty percent of fish exhibiting movement
greater than 1 km from initial tagging location did so in a southward direction. Southward moving fish displayed av-
erage movement distances that were over ten times greater than those of northward moving fish.

INTRODUCTION
The California halibut, Paralichthys californicus, is an economically important species of the family Bothidae ran-
ging from Magdalena Bay, Baja California to the Quillayute River, Washington (Kucas and Hassler 1986). Tradi-
tionally considered a southern California species, halibut are currently the source of profitable fisheries as far north
as Fort Bragg (California Department of Fish and Game [CDFG], unpublished data). In 1988, over 47% of all com-
mercially caught California halibut were landed north of Point Conception (CDFG, unpublished data).

Despite its economic importance, however, information on halibut movement is sparse; all tagging studies to date
have concentrated in the southern California regions, south of Point Conception (Young 1962; Haaker 1975; Vo-
jkovich n.d.).

The objective of this study was to gather information on halibut movement and growth off the central coast of
California, north of Point Conception (Santa Barbara County).
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MATERIALS AND METHODS
As part of the CDFG's Alternative Gear Development Program (AGDP), 1052 California halibut were tagged
between Point Arguello (Santa Barbara County) and Point Sur (Monterey County) from April 1986 to January 1989.
The AGDP, mandated by Assembly Bill 2915 (Ch. 910, Stats. 1986, the Nearshore Gill and Trammel Net Fisheries
Mitigation Act) commenced in 1986 to assess the use of alternative types of commercial fishing gear in areas closed
to the use of gill and trammel nets (Haseltine and Thornton 1990). Onboard observers were provided by the CDFG
to monitor fishing operations of program permitees and collect fishery data. Among other functions, observers ded-
icated substantial time to tagging sublegal halibut (<559 mm) and collecting reproductive information on this spe-
cies. Otter trawl gear was exclusively used by each of four Morro Bay permitees participating in the program with
tow duration ranging from 15 min to 2 h (x=1 h).

Catch was sorted by species, with first priority given to sublegal halibut. These were handled as quickly as pos-
sible and measured to the nearest millimeter total length (anteriormost extremity to the center lobe of the caudal fin).
Fish were tagged using 70 mm bright yellow anchor tags bearing the inscription "REWARD CFG MONTEREY
R00000", and later "CDFG CC00000". Tags were applied intramuscularly at midbody, near the dorsal fin on the
eyed side of each fish. Topical nitrofurazone (0.2%) was applied to the tagging needle prior to every tag application
and also applied to obvious external wounds caused by net abrasion or handling. Most fish (84%) were injected with
oxytetracycline hydrochloride (OTC, dilution 100 mg/ml) to fluoresce otolith annuli, using a dosage of 25 mg/kg
(Pattison and McAllister 1990). Notes were made for each tagged fish concerning external appearance (e.g. cut,
multiple tag wounds, distinguishing marks) and release condition (e.g. poor, good, weak, floater). Fish in apparent
terminal condition generally were not tagged.

Major tagging locations were: San Simeon Bay area (N=211 fish), south Estero Bay (N=521), and San Luis Bay
(N=122), with additional tag sites scattered throughout the Point Arguello-Point Sur area (Figure 1). All tagged fish
were released between the 8 and 28 fm contours (x=14 fm). Tagged halibut that were recovered within 5 d of their
release were examined and re-released.

Reward posters were used to inform the public of the CDFG's tagged halibut program and to solicit cooperation in
returning tags or tagged whole fish along with catch data. Posters were placed in areas that were highly visible to the
public (e.g. sporting goods stores, public boat ramps, commercial passenger fishing vessel (CPFV) landings, and
public piers). Five dollar rewards were paid to fishermen returning the tags and appropriate information to the CD-
FG.

Growth rate was determined by posttagging change in length over time at liberty. Growth data was categorized as
being either verified or unverified, depending upon the circumstances of the recovery. Fish measured by CDFG bio-
logists were considered verified, while those measured by someone other than CDFG biologists were considered un-
verified. Fish that were in too poor condition to accurately measure were also considered unverified. The growth rate
calculated using unverified lengths was compared by regression analysis with the growth rate calculated using veri-
fied lengths. All lengths were then
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FIGURE 1. Tagging locations for 1052 California halibut and numbers tagged by location off central California
during 1987 and 1988
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combined to calculate an annual growth rate by regression analysis of all recovered fish providing growth informa-
tion.

Otoliths were extracted from recaptured halibut that had been previously injected with OTC. These were pack-
aged along with catch data from individual halibut and sent to CDFG biologists working on age and growth studies
(Pattison and McAllister 1990).

Movement was analyzed in terms of direction and distance traveled. Distance moved was tested for correlation
with size at tagging and days at liberty using regression analysis. Direction of movements was categorized as: no
movement, northward movement, southward movement, or movement into Morro Bay Estuary. Each catagory was
then examined for its relation to distance moved, size at tagging, and initial tagging location.

RESULTS
As of 1 January 1989, 56 tagged halibut (5.3%) had been recovered. of these, 11 were re-released, and three dis-
played evidence of broken or shed tags. of the remaining 42 recoveries, 39 provided growth information and 40
provided movement data (Table 1).

Thirty-nine (69.6%) of the recoveries were captured with trawl gear by fishers working under the guidelines of
the AGDP. The balance of recoveries were collected as follows: 10 (17.9%) by sport anglers aboard private vessels,
5 (8.9%) by commercial gillnetters, and 2 (3.6%) by passengers aboard CPFV's.

Twenty-five recoveries providing growth information were categorized as verified while 14 were categorized as
unverified. Regression analysis of all 39 growth recoveries produced an annual growth figure of 66.7 mm per year
(y = -7.34 + .20277x, where y = growth in mm and x = days at liberty). Using only the 25 verified growth recover-
ies, regression analysis yielded a figure of 68.1 mm per year (y = -7.66 + .20758x). Both plots are shown in Figure
2. Thirty-one of these recoveries were of known sex; all but one were female. Length at tagging ranged from 428 to
561 mm for the 39 recoveries with an average tagging length of 532 mm.

Forty halibut provided movement information. Movement distance ranged from 0 to 291 km from point of release
with a mean distance traveled of 17.1 km. Most recoveries (55%) occured at the location of original release, with net
movement for the remaining fish as follows: 1–10 km, 17.5%; 11–30 km, 12.5%; 31–70 km, 12.5%; > 70 km, 2.5%.

There appeared to be no correlation between net distance moved and time at liberty, as evidenced by regression
analysis of the two parameters (N=40, r=.027, P < .001). Time at liberty ranged from 6 to 373 d, with an average
liberty time of 151 d. Movement per day ranged from 0 to 2.1 km (¯x=0.13 km/day).

Distance moved also showed no correlation with size at the time of tagging when the two were plotted against
each other in a regression analysis (N=40, r=.086, P < .001). Lengths of the 1052 halibut tagged in this study ranged
from 330 to 562 mm with a mean tagging length of 500 mm. Length at tagging for the 40 halibut providing move-
ment data ranged from 428 to 561 mm, averaging 529 mm.
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TABLE 1. Tagging and recapture data for 42 California halibut recovered off central California, 1987–88.
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FIGURE 2. Growth versus time at liberty. Dashed plot represents verified data (y = -7.65 + 0.20758x, r=0.873, P <
0.001). Solid plot represents both verified and unverified data combined (y = -7.34 + 0.20277x, r =0.844, P <

0.001)
Eighteen recoveries were recorded as moving greater than 1 km from the location of tagging. Nine of these moved

south, four moved north, and five moved into Morro Bay Estuary. Twenty-two halibut exhibited no net movement
from the point of release.

Travel distance of southward moving halibut ranged from 8 to 291 km, with an average of 63.6 km. This is great-
er than ten times that of fish noted to have moved north (¯x=6.0 km, range=3–8 km). Five fish recovered within
Morro Bay Estuary had moved distances of 7–12 km from release locations (¯x=9.8 km). Mean tagging lengths for
each of the four movement groups were: south, 533 mm; north, 531 mm; into Morro Bay Estuary, 514 mm; and
none, 531 mm.

Initial tagging locations for fish that displayed southward movement ranged from the Ragged Point area to South
Estero Bay. Those of northern moving fish ranged from the Ragged Point area to San Simeon Bay. Fish that exhib-
ited no net movement were tagged from the Lopez Point area to the South Estero Bay area. All fish recovered within
Morro Bay Estuary were tagged just outside and south of the harbor mouth, in the South Estero Bay location (Figure
1).

DISCUSSION
Growth
The annual growth rate calculated from the data collected in this study, 66.7 mm/year, is lower than previous calcu-
lations in the literature. Frey (1971) reported an annual growth rate of approximately 100 mm/year for female
halibut of 438–648 mm total length in fish sampled from the Santa Barbara to Port Hueneme areas of southern Cali-
fornia. Haaker (1975), in studying halibut
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within Anaheim Bay in southern California reported a growth rate of 154.6 mm/year in female fish of 150–460 mm
standard length (¯x=301.3 mm). Young (1962) provided an overall growth figure of 26.9–88.9 mm/year for both
male and female fish of 330–508 mm total length tagged in the areas bordered by Sebastian Viscaino Bay, Baja
California and Gaviota, California.

Sources of error exist when calculating growth from tag returns only, as was done in this study. These sources in-
cluded handling shock, postmortem shrinkage, and differential growth related to size and sex of fish sampled and to
seasonal growth rates. It has been shown that the handling-tagging process is, in itself, sufficient to disrupt normal
patterns of growth for some species. Holland (1957) noted the lack of growth and sometimes shrinkage of tagged
and released spiny dogfish, Squalus acanthias, at liberty up to 303 d. Seven of 39 recoveries yielding growth inform-
ation in this study were recorded as having decreased in length since the time of tagging (four were unverified).
Liberty for these fish ranged from 6 to 75 d, averaging 38 d.

Postmortem shrinkage of halibut in this study may have also contributed to lower than expected growth rates. A
recent study revealed that California halibut decrease in length considerably when iced post mortem; shrinkage of up
to 12 mm was documented in only 45 h of iced storage time (CDFG unpublished data). Unfortunately, several fish
in this study had been iced in fish holds up to 5 d prior to measurement. Most fish, in fact, had been iced at least 1 d
prior to examination. Ideally, live recovery lengths would have been preferable.

Although the halibut recovered in this study represented a relatively narrow size range (428–561 mm, ¯x=532
mm), differential growth may have occurred, skewing the calculated growth rates. Likewise, seasonal variation in
growth rates (i.e. summer versus winter rates) may have had a similar effect.

Movement
Movement of halibut within the geographic boundaries of this tagging study were revealing; all halibut displaying
significant movement (> 20 km) did so in a southward direction. The four fish recorded to have moved north ap-
peared to display a homing type behavior, returning to locations from which they were conceivably displaced during
trawling operations. No southward moving fish were noted to have displayed such homing behavior; all moved sub-
stantial distances from initial trawl locations.

Young (1962) found that smaller halibut (< 559 mm) in southern California tended to move south from point of
release while larger halibut (> 559 mm) tended to move north. All fish tagged in this study were less than 563 mm,
with fish larger than this size marketed by the fishermen. Data collected in this study appear to suggest that smaller
halibut (< 563 mm) off the central coast of California may behave similarly to southern California fish.

Young (1962) reported a majority of tagged fish (87%) moved less than 10 naut mi (18.5 km); which compares
favorably with the results of this study in which eighty percent (N=32) of tagged fish moved less than 10 naut mi.
Haaker (1975) reported that of fish tagged within Anaheim Bay, 85% of recoveries were made at the station of ori-
ginal release.

Young (1962) also reported that his data suggested a positive correlation between distance moved, by fish that did
move, and time at liberty. This study did not show such correlation in fish tagged off the central California coast.
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All five fish recovered within Morro Bay Estuary were caught by sport anglers during July through September,
reflecting increased sportfishing effort during the summer. Halibut are believed to migrate seasonally into Morro
Bay in response to increased densities of prey, primarily northern anchovy, Engraulis mordax.

Although providing valuable data, this paper reconfirms the need for more extensive tagging work on this species
off central and northern California.
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ABSTRACT
Our study's purpose was to determine the most reliable ageing method and structure for California halibut, Paralich-
thys californicus. Specimens were collected from California waters during 1955–66 and 1984–88. Sagittal otoliths,
scales, opercula, preopercula, and subopercula were collected, examined, and compared, and ages assigned to 2216
halibut. Precision was determined by comparing within-reader and between-reader age assignments. We validated
ages by noting banding patterns on oxytetracycline-treated structures, documenting edge types, comparing within-
and between-reader age determinations, correlating ages from different structures, and analyzing length- frequency
modes. Broken-and-burned, cut-and-burned, and sectioned-and-burned otoliths were comparable to age 10 with sur-
face-read whole otoliths, scales, opercula, preopercula, and subopercula. Beyond age 10, broken-and-burned, cut-
and-burned, and sectioned-and- burned otoliths yielded older ages than the other methods or structures. The ageing
technique of choice is the cut-and-burned otolith viewed with a coating of water. If edge-type determination is
needed, the operculum is recommended.

INTRODUCTION
Age, length, and weight data are needed to provide information on stock composition, age at maturity, life span,
mortality, growth, and production of fish. All of these elements are necessary to make sound management decisions.
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Management of California halibut, Paralichthys californicus, has been hampered by lack of information concerning
many of these important elements. Increasing landings of this species by both the commercial and recreational fish-
eries has precipitated the need for additional information concerning halibut biology.

Age determination of halibut was first attempted in 1918 due to concern over high fishing levels and declining
catches. Thompson (1918) examined scales and otoliths from four halibut and reported "The rate of growth was ob-
tained from the age marks on both scales and otoliths, the latter being plainest." Higgins (1919) also examined the
scales and otoliths from a number of halibut. He concluded that otoliths could not be used for age determination ". . .
on account of the indefinite nature of the rings. . . ," and that scale annuli were well defined by the crowding of cir-
culi. Although he expended considerable effort in scale circuli density measurements, a determination of age was
not achieved.

The next major study involving the age and growth of California halibut was conducted during 1955–66 (Schott
n.d.). Schott retired from the California Department of Fish and Game (CDFG) before publishing the results of his
study. Because of the unavailability of his data to the scientific community, we have combined his age data with
ours from southern and central California.

Haaker (1975) determined ages using otoliths but aged only halibut of less than 3 years of age.
The purpose of our study was to determine the most reliable methods and structures for determining age

throughout the life span of halibut in southern and central California. Halibut sagittal otoliths, scales, opercula, preo-
percula, and subopercula were collected, examined, and compared. A number of preparation techniques and ageing
methods were applied to the different structures in an attempt to clarify growth rings and increase readability. Form-
ation of annual growth zones on ageing structures was validated from oxytetracycline-injected, tagged and recap-
tured fish. Ages were assigned to 2216 halibut. Precision was determined by comparing ages assigned within and
between readers.

MATERIALS AND METHODS
Halibut ageing structures were collected from San Francisco to Morro Bay 1984–86, N = 157) and from Point Con-
ception to San Diego (1955–66, N = 903 and 1985–88, N = 1156). A variety of collection methods (trawl, gill net,
beach seine, hook and line, and spearfishing) were used to obtain specimens of all sizes. Fish were measured (total
length) and sex was determined. Sagittal otoliths, scales (from 10 areas of both the sinistral and dextral sides), oper-
cula, preopercula, and subopercula were taken. Opercula were cleaned in boiling water within 2 h of collection. All
ageing structures were stored in coin envelopes after being cleaned.

Various preparation and ageing methods were applied to the collected structures to clarify growth rings and to in-
crease readability. Water, vegetable oil, or anise oil was used as a coating on ageing surfaces to decrease glare and
increase contrast. Scales were viewed between glass. Most opercula, preopercula, and subopercula were viewed
while submerged in water. Otoliths were viewed: 1) whole while submerged in either water or anise oil (those in an-
ise
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oil were soaked for a minimum of 2 weeks); 2) broken in half, burned, and brushed with either water or vegetable
oil; 3) cut in half, burned, and brushed with either water or vegetable oil; 4) sectioned, after soaking in anise oil for a
minimum of 2 weeks; and 5) sectioned, burned, and brushed with either water or vegetable oil.

All ageing structures were viewed on a dark background by use of a stereomicroscope with magnification of
6-50x. Lighting ranged from reflected fiber optic to incandescent to polarized.

A birth date of 1 January was assigned (Williams and Bedford 1974). We defined the annulus as the combination
of an inner opaque and adjacent outer translucent zone (Casselman 1983).

Validation
We followed Beamish and McFarlane (1983) for verifying and validating ages. We compared or determined the fol-
lowing:

Ring formation frequency based on fishes injected with oxytetracycline hydro-
chloride (OTC)
Many investigators have used OTC injection for validating fish ages (Kobayashi et al. 1964; Holden and Vince
1973; Wild and Foreman 1980; and Campana and Neilson 1982). To test the effectiveness of OTC in marking bony
parts of halibut, 10 halibut collected from Elkhorn Slough were held at the CDFG's Granite Canyon Mariculture
Laboratory. Five halibut were injected with OTC at a dosage of 25 mg/kg of body weight into the middorsal muscu-
lature midway between the base of the dorsal fin and the lateral line on the eyed side. The captive halibut were
offered anchovies, squid, and rockfish during the holding period of 102–171 days. Otoliths and other bony structures
collected at the end of this period were viewed under ultraviolet light.

We also obtained OTC-marked otoliths from halibut which had been injected at time of tagging in a separate
movement study (Tupen 1990). Syringes were preloaded with a solution of OTC at an aqueous concentration of 100
mg/ml and injected into the wound created by the tagging needle at a dosage of 25 mg/kg. We examined otoliths
from 20 OTC-treated halibut recaptured after being at liberty up to 357 days.

Comparison of margin type by month from otoliths and opercula
We examined 194 otoliths and 176 opercula to determine if the margin was translucent or opaque. We then calcu-
lated the percentage of translucent margins occurring on otoliths and opercula during each month of the year.

Comparison of within- and between-reader age assignments
Three readers read a total of 143 otoliths from one to three times (Table 1A) for comparison of within-reader preci-
sion (Beamish and Fournier 1981). The time between readings ranged from 48 h to several months. We measured
the precision using average percent error as described by Beamish and Fournier (1981). This method takes into con-
sideration the range of year classes being aged and is dependent upon the age of the fish.
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TABLE 1. Summary of within- and between-reader ageing comparisons for California halibut otoliths.

Comparison of ages derived from whole (surface read), cut-and-burned, and
sectioned-and-burned otoliths
We used regression analysis to compare ages derived from 175 whole otoliths, 59 cut-and-burned otoliths, and 57
sectioned-and- burned otoliths.

Comparison of length at age derived from otoliths and opercula
We compared assigned ages derived from otoliths from 115 females and 40 males and opercula from 90 females and
32 males. Analysis of variance was used to test the difference between regression lines of length at age between
structures.

Determination of age classes using length-frequency analysis
Many investigators have used length-frequency analysis for age verification of the first several years of life (Miller
1955; Westrheim 1972; Campbell and Collins 1975; Haaker 1975; Gregory and Jow 1976; Kimura et al. 1979;
Mayo et al. 1981) when age classes are sometimes distinct.

A total of 1173 juvenile halibut were collected and measured (not aged) in southern California over a 2-year peri-
od in a seperate study by Schott (unpublished). Length frequencies were compared with 421 otoliths assigned the
ages of 0, 1, and 2 years.

RESULTS
Otoliths proved to be the most reliable age indicator. Whole otoliths were examined; however, whole otolith surface
ageing does not account for asymmetrical growth. We attempted the break- and-burn method, but the otolith often
crumbled so that there was no readable surface remaining. The cut-and-burn and the section- and-burn methods re-
vealed 2 to 5 more annular zones than had been found on whole otoliths in a number of the large halibut.
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Broken-and-burned, cut-and-burned, and sectioned-and-burned otoliths were comparable up to age 10 with sur-
face-read whole otoliths, scales, opercula, preopercula, and subopercula. Beyond age 10, however, broken-
and-burned, cut-and-burned, and sectioned-and-burned otoliths often yielded older ages than the other methods or
structures.

The best marked scales were found on the eyed side, dorsal to the lateral line, and immediately anterior to the
caudal peduncle, but it was difficult to distinguish annular zones from checks. The average length at age for 0-, 1-,
and 2-year halibut as determined from reading scales was smaller than indicated by the monthly length frequencies.

The suboperculum was the best marked skeletal element for age determination but was not useful in medium- or
large-size fish as older rings were obliterated by internal bone erosion and vascular encroachment.

of 2216 halibut for which ages were determined, 1662 (75%) were female and 554 (25%) were male. The halibut
age groups ranged from 1 to 30 and lengths from 131 to 1270 mm. Female age groups ranged from 1 to 30 and from
155 to 1270 mm. Male age groups ranged from 1 to 23 and from 131 to 1085 mm (Table 2). The largest female
sampled was 17 years old and 1270 mm, the oldest aged was 30 at a length of 1180 mm. The largest male was 12
years old and 1085 mm, the oldest was 23 at a length of 910 mm. The smallest maturing female observed was 409
mm, the smallest maturing male 229 mm.

TABLE 2. Length (mm TL) at age for California halibut.
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Validation
Ring formation frequency based on fishes injected with OTC
Three of the 10 fish held at the Granite Canyon Mariculture Laboratory died during the holding period. Five of the
remaining seven had been injected with OTC. The halibut did not visibly feed during the holding period and lost
from 20.3 to 45.1% of their body weight. No growth was observed. However, all injected specimens exhibited fluor-
escence on the otolith edge.

We analyzed OTC-marked otoliths from 20 recaptured halibut provided by Tupen (1990). of note was that in four
of these fish (20%) one otolith of a pair did not fluoresce. These tagged fish had been at liberty from 11 to 357 days.
of these 20, we examined otoliths from four fish at liberty from 313 to 357 days for frequency of ring formation. We
assumed that halibut which had completed nearly one year of growth would best test the formation of a yearly ring.
In all cases one ring was laid down. All four halibut were females and ranged from 579 to 608 mm and from 4 to 6
years of age.

Comparison of margin type by month from otoliths and opercula
We read otolith margins easily up to 6 or 7 years of age. In contrast, we could usually read operculum margins for
any age. We found no significant difference at [a]=0.05 between margin type by structure using a paired t test.

We were unable to read 11 of 194 otolith and operculum margins (6%). Most readings came from samples collec-
ted between May and August. We determined margin type from as few as one individual in January and November
to 53 in August. Although few readings were obtained in winter, we noted a general pattern of growth increase in
spring (increase in percentage of opaque margins) to a maximum in summer and gradual cessation of growth into
late fall. We identified rapid growth beginning in spring and continuing into fall by opaque growth beyond a translu-
cent ring on both structures. We noted a slowing of growth in October by the increasing percentage of translucent
otolith margins. The percentage of translucent margins remained above 50% from November through March.
Opaque margins are prevalent from April to October and translucent margins from November to March. Rapid
growth in spring and summer corresponds with opaque margin formation. It appears only one complete ring is
formed per year on all structures examined.

Comparison of within- and between-reader age assignments
The within-reader average percent error (APE) for the two readers tested was 9.79 and 20.79 (Table 1B). This means
that Reader 1 assigned the same age to an otolith 90.21% of the time and Reader 2 assigned the same age 79.21% of
the time. This indicates that Reader 1 is more precise than Reader 2 by 11%. The between-reader APE for the three
readers tested ranged from 19.74 to 23.93 (Table 1B). We feel that the low degree of error in assigning ages to 12
different age groups indicates that age determination of halibut from otoliths is acceptably precise.

Comparison of ages derived from whole, cut-and-burned, and sectioned-
and-burned otoliths
We compared ages of 109 whole, 60 cut-and-burned, and 59 sectioned-and-burned otoliths. Regression line analysis
indicated no significant difference
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between ages assigned by the cut-and- burn or section-and-burn methods (P=0.89 for the overall test, P=0.63 for
equality of slope, and P=0.97 for equality of elevations between regression lines). A significant difference was
found between both cut-and-burn and section-and-burn ages when compared to surface-read ages (P < 0.0001 for
the overall test and for equality of slope, and P=0.01 for the equality of elevations between regression lines).

Comparison of length at age derived from otoliths and opercula
We found no significant difference for length at age between structures for either sex using analysis of variance
(P=0.16 for males and 0.30 for females for the overall test, P=0.06 for males and 0.74 for females for the equality of
slopes, and P=0.75 for males and 0.13 for females for equality of elevations between regression lines).

Determination of age classes using length-frequency analysis
Lengths of 421 halibut were assigned ages of 0, 1, and 2 from whole otoliths. The 421 lengths were superimposed
upon the monthly length frequencies of 1173 halibut. The superimposed lengths fit the growth progression. In a sep-
arate study, a halibut in captivity increased in length from 8 to 34 mm in a 3 month period (E.H. Ahlstrom, U.S. Fish
and Wildlife Ser., pers. comm. to Schott). The captive halibut's growth rate closely paralleled the growth trend of
both the monthly length frequencies and the halibut otoliths assigned the ages of 0, 1, and 2 years.

DISCUSSION
The sample of OTC-tagged halibut otoliths and the analysis of margin type support our assumption that one annulus
is formed per year. The lack of growth in laboratory-held fish is directly attributable to their inability to feed.
However, even in these five injected halibut, fluorescence was observable on the otolith, indicating normally feeding
fish should incorporate the chemical to an even greater degree. The 25 mg/kg dosage was adequate to mark otoliths
of recaptured tagged fish. A yellow band was observable on the otoliths under ultraviolet light. Strength of fluores-
cence was variable and may have been linked to the amount of chemical injected, the amount incorporated, or the
otolith cleaning or storage technique. We have no explanation for the four injected fish which each had one otolith
which did not fluoresce.

We found the cut-and-burn method of ageing halibut otoliths superior in many ways to all other ageing methods
used in this study. We used water, vegetable oil, and anise oil to coat the viewing surface. While all three coatings
are satisfactory for viewing, the advantage of water is that it leaves no residue.

Seven reasons for preferring the cut-and-burn method follow: 1) Otoliths grow fairly symmetrically up to a cer-
tain size after which growth may become asymmetrical in either or both length and width (Williams and Bedford
1974; Beamish 1979; Boehlert and Yoklavich 1984; and Campana 1984). Surface ageing of whole otoliths does not
allow for examination of asymmetrical growth (Beamish 1979; Boehlert and Yoklavich 1984; and Campana 1984).
2) Burning the otolith produces distinct dark translucent zones because of the greater concentration of organic matter
in these zones. The darkened translucent zones contrast with the lighter opaque zones, and checks tend to be ob-
scured
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(Williams and Bedford 1974; Chilton and Beamish 1982; Campana 1984; Calliet et al. 1986). 3) An advantage of
cut-and-burn over break-and-burn is the ability to insure that the cut passes through the center of the otolith nucleus.
Failure to pass through the nucleus center will result in an age being misinterpreted by at least one year (Williams
and Bedford 1974). 4) The cut-and-burn method provided two good halves with smooth viewing surfaces while a
break-and-burn otolith often crumbled and left an irregular viewing surface (Chilton and Beamish 1982). 5) The sec-
tion-and-burn method offers no advantage over the cut-and-burn method. 6) Operculum, preoperculum, and subo-
perculum ageing is unreliable in older fish due to the rings being obliterated by internal bone erosion and vascular
encroachment. 7) Scale ageing is unreliable due to the difficulty of distinguishing annular zones from checks.

We believe either an otolith or an operculum could be used to determine margin type. However, the operculum
margin type was much easier to determine and much less likely to be obscured. The operculum's thin flat surface al-
lowed margin type determination more readily than did the otolith from the same halibut.

We strongly recommend the collection of both opercula and otoliths for determination of margin type and age, re-
spectively, in any future halibut ageing studies. The recommended ageing structure is the sagittal otolith prepared
using the cut-and-burn method, viewed on a dark background with reflected fiber-optic lighting with water brushed
lightly across the cut surface. If determination of edge type is desired, the operculum should be viewed submerged
in water on a dark background with reflected fiber-optic lighting.
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HISTORY OF THE COMMERCIAL CALIFORNIA HALIBUT FISHERY
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ABSTRACT
The commercial fishery for California halibut, Paralichthys californicus, is concentrated in varying degrees from the
Bodega Bay area to San Diego and on into Mexican waters. The California fishery has shifted northward from the
Baja California-Los Angeles area and is now centered off the Santa Barbara region. Otter trawls and set gill and
trammel nets are the commercial fishing gears most commonly used to harvest halibut. The dominant gears in south-
ern California are now set gill and trammel nets. The gear types and regulations governing commercial harvest are
reviewed. Trends in commercial landing figures are discussed and suggest that the natural population peaks every 20
years.

INTRODUCTION
The California halibut, Paralichthys californicus, has been a sport and commercial species for more than a century.
Its geographic range is from the Quillayute River, Washington to Magdalena Bay, Baja California (Miller and Lea
1972). The commercial fishery is concentrated in varying degrees from the Bodega Bay area to San Diego and on
into Mexican waters. Commercial fishing gears most commonly used to harvest halibut are otter trawls and set gill
and trammel nets. This paper provides an overview of trends in the commercial landings since the early 1920s, and
changes in gear and geographic extent of this fishery.

HALIBUT FISHING GEAR
Trawl Nets
The original type of trawl or drag net used in California, the paranzella, was towed by two vessels. It was introduced
in San Francisco in 1876, and was the standard in California for the next 50 years (Clark 1935). In the late 1930s
and early 1940s, California fishermen started using the otter trawl. In this method "otter boards" or "doors" are at-
tached at the mouth of the net to keep it open, eliminating the necessity of a second boat (Scofield 1948).

Entangling Nets
Entangling nets, which are set or anchored at both ends, have been used continuously since the 1880s to catch
halibut and shark (Ueber 1988). Originally entangling nets were made of cotton or hemp. A traditional halibut
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entangling net is the trammel net, which consists of three walls of multifilament webbing attached to common cork
and lead lines (Clark 1931; Herrick and Hanan 1988; Ueber 1988).

The set gill net is the other type of entangling net used today in the halibut fishery. The single panel of monofila-
ment webbing is designed to catch fish when they attempt to swim through it. Halibut are generally wedged in the
net—held by a mesh at the widest part of their bodies (Philip Beguhl, gill net fisherman, pers. comm.).

When a line or "suspender" is used on a gill net and causes the webbing of the net to bag or hang slack, the net is
designated a trammel net under California law (Herrick and Hanan 1988; Ueber 1988). Today multipanel trammel
nets are being replaced by monofilament, single-panel suspendered nets.

Historically, most California halibut landed were taken by trammel nets or trawl. Set gill nets in southern Califor-
nia have replaced the trawl as a dominant gear in the fishery.

Hook and Line
A small amount of the total commercial landings have traditionally been taken by hook and line. In 1988, 8%
(89,700 lb) of the landings were made by hook and line.

CHANGES IN THE FISHERY
Set entangling nets are the dominant gear in southern California (Point Conception to the Mexican border) for the
halibut fishery (Herrick and Hanan 1988). Trammel nets have been the gear used exclusively by the San Diego and
San Pedro halibut fleet (Clark 1931) since legislation in the early 1900s prohibited the use of trawl nets off Los
Angeles and San Diego Counties.

In the Santa Barbara area prior to 1969, the trawl fishery produced the greatest catch. By the 1970s the majority of
the halibut caught in the area was by set gill and trammel nets (Karpov 1981; Methot 1983). Since then, entangling
nets have continued to be the dominant gear in the Santa Barbara area. Several factors may have accounted for this
shift. First, new regulations were placed on the commercial trawl fishery early in the 1970s (area and season clos-
ures). Second, trawling is an expensive method of fishing when compared to the efficiency and effectiveness of fish-
ing entangling nets from small vessels (Karpov 1981; Methot 1983).

The geographic center of the halibut fishery has changed. Historically the fishery was centered off southern and
Baja California. When collection of fish statistics began (1916), large catches of halibut were made by the San Pedro
fleet in local waters from January to June. From June to December the fleet fished Mexican waters and made large
catches, most of which were landed in San Diego (Clark 1931). North of Ventura County, the fishery was much
smaller.

In recent years, the center of the fishery has shifted north (Roedel and Frey 1968; Frey 1971; MBC 1987). For the
past decade, the greatest landings have been made in Ventura and Santa Barbara Counties. The exception was in
1983, the second year of an El Niño event, when the greatest landings were made in the San Francisco area
(Appendix I).
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REGULATIONS AND MANAGEMENT
The halibut fishery is managed by the California Department of Fish and Game in state waters (0–3 naut mi). In fed-
eral waters, the Fishery Conservation Zone (3–200 naut mi), no restrictions exist on the halibut fishery except the
minimum mesh size requirement for trawl nets. Presently bottom trawls must have a minimum mesh size of 4.5
inches (114 mm).

Trawl nets were prohibited in Monterey Bay and state waters off Ventura, Los Angeles, Orange, and San Diego
Counties in 1913. In 1915 this legislation was amended to prohibit trawling anywhere in state waters. Legislation in
1925 legalized trawling off the coast of Santa Barbara County inside the 3-naut-mi limit, but 1953 legislation pro-
hibited it. Once again, the entire coast of California was closed to trawling within the 3-naut-mi limit.

In 1968 the use of trawl nets was authorized between Point Sur and Cape San Martin in waters not less than 1
naut mi from the mainland. Trawl use was also permitted between Point Arguello and El Capitan Point (Santa Bar-
bara County), in waters not less than 25 fm or 1 naut mi from shore. Since much of the nearshore coastal area in the
northern portion of Santa Barbara County is rocky bottom (precluding the use of trawl gear) this allowance had little
effect on the fishery.

The low catch in the late 1960s prompted the California Legislature to designate an area not less than 1 naut mi
from the mainland shore, between a line running due west from Point Arguello and a line running due south from
Point Mugu, in waters not more than 25 fm deep as "California halibut trawl grounds" (Figure 1), effective 1971
(Fish and Game Code, sec. 8495). This expansion of the traditional trawl grounds was accompanied by additional
regulations. A 4-month closure on the trawl grounds from February through May was made to protect spawning
adults. In 1973 this closure was shifted from 15 March to 15 June to encompass the peak of the season and provide a
window when halibut spawning could occur without interference from trawl fishing activities. Also in 1972 a
7.5-inch (190 mm) mesh trawl cod end was required on the trawl grounds to allow for the escape of undersize
halibut. Schott's (1975) evaluation of this regulation was that it was effective, and that most fishermen were pleased
that a large number of undersize halibut and "junk" fish were escaping through the trawl cod end. In 1988 the defini-
tion of the trawl grounds was amended and the 25 fm clause was removed, effective 1 January 1989. Trawling is
now allowed between Point Arguello and Point Mugu in waters farther than 1 naut mi from the mainland.

The use of trammel nets was prohibited in state waters in 1911. In 1913 trammel nets were again permitted, but
were required to be pulled within 6 h. As early as 1917, some of the state's fishing districts required 8-inch (203
mm) mesh in any trammel net used. In a 1985 legislative bill, the mesh size was increased to 8.5 inches (216 mm)
between Point Dume (Los Angeles County) and Ragged Point (San Luis Obispo County). In 1989 the 8.5-inch mesh
size provision was adopted coastwide. Presently gill and trammel nets are prohibited in Santa Monica Bay. Gill and
trammel nets are also subject to various depth, area, and season closures throughout the state that are too numerous
to list (however, see e.g. Wild 1990).
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FIGURE 1. Map of the California Halibut Trawl Grounds as originally established, and after amendment effective 1
January 1989. Maps done by Deborah Morrisset
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In 1915 a regulation was passed that halibut less than 4 lb (1.8 kg) in the round (whole) could not be bought or
sold. In 1931 it was further specified that halibut less than 3.5 lb (1.6 kg) dressed with the head on, or 3 lb (1.4 kg)
dressed with the head off were not to be taken. However, up to 30 lb (13.5 kg) of halibut under the specified weights
could be possessed for personal use but not for sale. In 1979 a law went into effect prohibiting the take, possession,
or sale of halibut under 22 inches (559 mm) in total length. A 1985 law reduced the number of halibut that could be
retained for personal use to four (about 12 lb [5.4 kg]).

COMMERCIAL CATCH
The halibut fishery is year-round in southern California, but is most active during the winter and spring. off the cent-
ral California coast most of the catch is taken in the summer (Herrick and Hanan 1988). Halibut are generally de-
livered to the buyers intact with only the viscera removed. However, in the Monterey Bay area, most halibut are de-
livered in the round.

California halibut has always had to compete with Pacific halibut, Hippoglossus stenolepis, in the market place.
Demand for California halibut in southern California usually exceeds supply, so prices are consistently high except
when California's markets are flooded with Pacific halibut from Alaska at the opening of that season. In 1989 Cali-
fornia halibut imported from Mexico depressed the market price and demand for local halibut. This may become a
trend as Mexico increases its fishing efforts. Presently, the average price per pound to southern California fishermen
for California halibut is $2.25.

California's statistical records on fish landings began in 1916. Prior to 1936, market receipts were simply made
out as halibut, whether the species was California halibut or Pacific halibut. The two species overlapped in the San
Francisco Bay area. Department field surveys in the 1930s determined a ratio of Pacific to California halibut of 9:1
at various times in this port. The early landing figures were corrected using this ratio (Holmberg 1949). Presently,
Pacific halibut show up infrequently in catches in the San Francisco Bay area.

In this discussion, "total landings" include halibut caught in state waters and those caught in Mexican waters and
landed in California. "California landings" exclude the catch from Mexican waters. In 1937 the Bureau of Commer-
cial Fisheries (the fisheries branch of the Division of Fish and Game) reported that on average, 35% of the landings
made in Los Angeles and San Diego were from Mexico, although they fluctuated greatly. After 1966 Mexican-
caught fish were no longer a significant component of the total landings of halibut. This was due to financial and lo-
gistical considerations (Tony West, California Gillnetters Association, pers. comm.). A fishing trip to Mexico was
no guarantee of large profits. When Mexican fishermen increased their fishing effort via small "cooperativas"
(cooperatives), competition for the localized fishing areas in Mexico next to the kelp beds increased. The response
of California fishermen was to extend their season by going to the Channel Islands and farther north rather than fish-
ing in Mexican waters.

Total landings and California landings tend to mirror each other (Figure 2). Due to this and a lack of documenta-
tion of the fishery in Mexican waters, the landing trend discussion has been confined to California landings. Califor-
nia's landing figures are also presented in tabular form (Appendix II).
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FIGURE 2. Commercial California halibut landings. The upper curve is total landings which includes fish caught in
Mexican waters and landed in California. The lower curve is California landings, only fish caught in state waters
Commercial catches of halibut have fluctuated over the years. The overall trend was thought to be one of decline

(Frey 1971; Karpov 1981). However, landings peaked in 1981 and have exceeded 1 million pounds for the eighth
straight year. Moser and Watson (1990) found that halibut larval abundance and the commercial landings mirror
each other, with natural population peaks every 20 years. Without catch-per-unit-of-effort data, stock abundance
cannot be accurately assessed. Catch data does allow one to observe trends and make reasonable first approxima-
tions of what has been happening, especially if it is correlated with human activities and notable oceanic events.

The record landing of halibut was 3.5 million pounds in 1917 which was followed by an 11-year decline. World
War I contributed to this decline by reducing the number of fishermen, significantly limiting supplies for civilian
use, and restricting boat activity. It is also possible that the Department's monitoring of fish landings was initiated
just as this fishery had finished its growth phase (Gulland 1983).

When this country entered World War II, security regulations went into effect prohibiting noncitizens from fish-
ing off the California coast. Since many California fishermen were Italian citizens, the halibut fishery was severely
affected. From 1941 through 1943, landings were the lowest recorded since 1916.

After the war, California experienced a tremendous growth in population. The initial wartime fishing restraints
probably allowed the halibut stocks to increase, and the postwar population growth fueled a large demand for fish
resulting in sizable landings in the latter half of the decade. The rapid decline of the catch in the 1950s was probably
an effect of this exploitation. Concurrently, there were nine consecutive years of subnormal temperatures, followed
by a notable
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El Niño (1957–59) that resulted in abnormally warm ocean temperatures (Radovich 1961). In 1958, only 256,000 lb
of halibut were landed, the lowest ever recorded. The warm water of an El Niño event is often associated with an in-
crease in juvenile recruitment of halibut and a decrease in landings of adults, as the population ranges farther north
with the warm waters. However, since each El Niño event is unique, the effects are variable.

The next peak in the fishery was in 1965, the year after a major El Niño event. In 1969 another El Niño event oc-
curred, and the halibut landings were very low in 1969 and 1970. The landings remained depressed throughout the
1970s. Two El Niño events occurred in this decade—in 1972–73 and 1976–77. The landings peaked again in 1981,
and in 1988 exceeded 1 million pounds for the eighth straight year.
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THE CALIFORNIA HALIBUT TRAWL FISHERY
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ABSTRACT
The catch of California halibut, Paralichthys californicus, by trawl gear is an important part of the total halibut catch.
Examination of trawler data from logbooks and landing receipts provide information on halibut distribution, abund-
ance, ecology, and biology.

The trawl fishery for halibut is centered off San Francisco in northern California and from Point Sal to Point
Dume in southern California. From 1945 to 1979, southern California trawler landings were higher than those from
northern California in most years. Since 1980, northern California landings have exceeded those from southern Cali-
fornia.

Over the past 20 years, halibut abundance was high in the late 1960s, declined in the 1970s, and increased in the
1980s. The intense 1982–83 El Niño coincides with higher abundance and landings of halibut.

Questions are raised from examination of the trawler data set on stocks, ecology, and biology which require fur-
ther work to answer.

INTRODUCTION
California halibut, Paralichthys californicus, is extremely important in commercial and recreational fisheries of the
state. The commercial catches of halibut are taken in gill and trammel nets, in trawls, and by hook and line. Gill and
trammel nets have produced most of the halibut catch, but trawl catches have been significant throughout the history
of the fishery.

Trawling began in California in 1876 when a bottom fishing net, called a paranzella, was towed by a pair of lateen
sail boats in San Francisco Bay. By 1880, the fishery moved outside the bay to the ocean. Sail power was replaced
by steam, gasoline, and finally diesel engines (Clark 1935a). The two-boat or paranzella method persisted until the
1940s when one vessel otter trawling became the only method (Scofield 1948). The current fleet of 141 trawlers fish
between southern California and southern Oregon in nearshore shoals to depths of over 915 m (500 fm). In the
1980s, trawlers landed 35,000 tonnes (77,000,000 lb) of groundfish annually of which 97 tonnes (214,000 lb) or
0.28% were halibut.

Early in the development of the trawl fishery, halibut were caught coincidentally with the target species English
sole, Parophrys vetulus; petrale sole,
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Eopsetta jordani; and rockfish, Sebastes spp. off San Francisco. Small boats were successful in trawling halibut off
Santa Barbara, San Pedro, and San Diego after 1900 (Scofield 1948). By 1915, regulation changes eliminated trawl-
ing and possession of trawls in southern California and prohibited trawling in all state waters inside 3 naut mi from
shore. In 1917, trawling was allowed in state waters between the Carmel River and the San Luis Opisbo-Santa Bar-
bara County line. State waters off Santa Barbara County were open to trawling in 1925. In 1953, trawling in state
waters was prohibited. In 1971, trawlers could fish in the halibut trawl grounds between Point Arguello and Point
Mugu (Santa Barbara Channel) in waters not more than 46 m (25 fm) deep and not less than 1 naut mi from shore
with nets with 191-mm (7.5-inch) mesh cod ends. The open season in this area was from 1 June to 30 January. In
1972 the season was changed to 16 June to 14 March.

As halibut inhabit nearshore areas and are most abundant in shallow depths, the early southern California closure
and prohibition of trawling in state waters curtailed trawler catches. The opening of state waters to trawling had the
opposite effect.

Halibut management could have the objective of promoting use, maintaining the resource, or rehabilitating the re-
source. Information is lacking to properly manage halibut. Data and analyses from each sector of the fishery to de-
termine the halibut unit stock or stocks, biology, ecology, and status of stock are required for the basis of a rational
management program. Here, I identify the trawler data set and provide analyses which define properties of the fish-
ery and of the halibut resource. The trawler data can complement other available information as a start on a needed
comprehensive resource assessment.

METHODS
Trawler Logbook Data
The trawler data system consists of logbook and landing receipt records, both required by law. Trawler logbooks
have been required since 1934 (Clark 1935a). Trawler captains record catch location, depth, duration, and species
caught on logbooks provided by the California Department of Fish and Game (CDFG). Several changes in log
format have been made; a uniform coastwide logbook format is now used (Figure 1). When fish dealers buy fish
they record weights and prices by species on forms provided by the CDFG (Figure 2). Logs and landing receipts are
sent to the CDFG on a monthly and biweekly basis, respectively.

The basic catch location is the Fish and Game block, 10 min latitude by 10 min longitude rectangles. Each block
has an unique block number (Clark 1935b). Log data are integrated with landing receipt data to provide species
caught by block, depth, and time. For the years 1934 to 1975 each trip was assigned to a block and depth based on
the area and depth of highest catch. From 1976 to the present, data from each tow with block, depth, time, and catch
have been compiled. The data are compiled by block, depth, month, and year.
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FIGURE 1. Uniform coastwide trawler logbook format
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FIGURE 2. California fish dealer's landing receipt format
Annual summarized block data are used to describe the halibut trawl fishery. Monthly block data for four ran-

domly chosen, recent years provide seasonal trends.

RESULTS
Halibut Trawl Catch By Time and Area
The trawler catch of halibut is a small part of the trawl fishery; however, it is a significant part of total halibut land-
ings. Percentages of total annual halibut catches taken by trawls from 1945 to 1986 have ranged from 7 to 61% and
averaged 26% (Table 1).
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TABLE 1. Annual catches of California halibut by trawlers by area and total all-gear catches, 1924–86.
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In the 1930s, the halibut trawl fishery was concentrated in northern California off Bodega Bay and off San Fran-
cisco with minor catches in Monterey Bay. Since 1945, the southern California area, south of latitude 36° N (Lopez
Point), has become a major halibut trawl area. In most years from 1945 until 1980, southern California halibut
catches exceeded those of northern California. An anomolous year was 1969 when only 5517 lb of halibut were
caught in the southern California area. The Santa Barbara oil spill occurred in early 1969 and caused a reduction in
trawl effort and halibut catch in the Santa Barbara Channel area. Since 1980, northern California catches of halibut
have been higher than southern California catches (Table 1; Figure 3).

TABLE

FIGURE 3. Annual trawler landings of California halibut by area, 1945–86
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Annual trawler halibut catches of 45 kg (100 lb) or more per Fish and Game block have occurred from northwest
of Eureka to Santa Barbara. Block areas with annual catches of 4545 kg (10,000 lb) or more are located off San
Francisco and adjacent to Point Arguello (Figure 4).

FIGURE 4. Fish and Game block areas where annual catches of California halibut exceed 100 pounds and 10,000
pounds in any single year
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Seasonal catch trends in trawl catches are evident in both northern and southern California. Monthly catches of
halibut are high in January, February, August, September and October in northern California. In southern California,
monthly catches are high in January, November, and December (Table 2). Halibut are caught in trawls mainly in
shallow depths. In northern and southern California, 89% and 87% of the halibut catch respectively occurred in
depths of 55 m (30 fm) or less.

TABLE 2. Average monthly trawler catch of California halibut in pounds for 1976, 1977, 1982, and 1983.
Fourteen market species or species groups occurred in significant poundages in trawl landings with halibut (Table

3). Species assemblages taken in trawls differ in the two major fishing areas. In northern California the predominant
five species in order of abundance consisted of starry flounder, Platichthys stellatus; English sole; sand sole, Pset-
tichthys melanostictus; halibut; and Pacific sanddab, Citharichthys sordidus. In southern California, halibut domin-
ated the trawl assemblage and was followed by skates, Raja spp.; starry flounder; English sole; and sand sole (Figure
5). Other demersal species, in addition to those of Table 3, are present in both fishing areas but are not caught be-
cause of escapement through trawls, or are not kept because of lack of markets.

Abundance
A data set of trawl catch per unit of effort (CPUE), 1967 to 1986, was examined (Table 4). Data for 1976 were not
available. In northern California, CPUE was high in 1967. A declining trend occurred through 1975. CPUE in-
creased thereafter to a high in 1983. The trend was downward after 1983. In southern California, CPUE was high in
1967, 1968, and 1986. CPUE trends are consistent with the trends of annual trawl landings (Figure 6). Generally,
CPUE is high when landings are high and CPUE declines as landings decline.
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TABLE 3. Major species or species groups of fish caught with California halibut in trawls.

TABLE 4. Trawler catch of California halibut, hours trawled, and catch per hour in pounds from trawler logbook
data, 1967–86.
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FIGURE 5. Percentage of predominant species or species groups taken with California halibut in trawls
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FIGURE 6. California halibut catch per hour by trawlers, 1967–86

DISCUSSION
This examination of annual trawler data raises questions on stock separation, biology, ecology, and movements and
migrations. Bottom topography and substrate differ between main trawl areas of northern and southern California.
The area off San Francisco in the Gulf of the Farallons has a broad continental shelf with shallow depths and with
gray sand and sand as the predominant bottom types. The southern California area has a narrow shelf with mud,
green mud, and sand as the major substrate types.

The wide separation of the two major halibut trawl fishing areas and the ecological differences between them are
suggestive of separate populations. Contrary information is the lack of significant numbers of juvenile and subre-
cruit-size halibut in northern California. In his study of the trawl fishery, Clark (1935a) found that no small halibut
were taken in trawls off San Francisco. Aplin (1967) caught only six halibut in over 500 trawl tows in San Francisco
Bay between 1963 and 1966. In the CDFG's Bay Delta Study, only 84 halibut were caught in 2500 otter trawl tows
in San Francisco Bay during 1980–85 (Department of Fish and Game 1987). Five were less than 190 mm total
length and probably young of the year while seven juveniles measured 191 to 230 mm. (R.D. Baxter, CDFG, pers.
comm.). In observations of the bay shrimp fishery in south San Francisco Bay in July 1989, eight juveniles, 230 to
355 mm, were measured from three trawls (P.N. Reilly, CDFG, pers. comm.). The alternative gear fishery off San
Francisco, a directed trawl fishery for halibut, has produced few prerecruit-size halibut (D. Thomas, CDFG, pers.
comm.). With the lack of growth recruitment to the population in northern California, the halibut fishery could be
supported by northward movement or migration within a common stock.
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Clark (1930) defined the halibut spawning season as late February to July with a peak in May. He gave the size of
first maturity at 230 mm (9 inches) and stated that halibut moved into shallow depths of 4 to 9 m (2 to 5 fm) to
spawn. Doubtlessly, halibut spawn in both northern and southern California because of the catches of mature, legal-
size halibut, [>]559mm (22 inches), throughout the year in both areas. In northern California, the movement of
halibut into shallow water coincides with catch declines in May as halibut move inside 3 naut mi from shore where
trawling is prohibited. In the southern California halibut trawl grounds, an area of shallow depths, trawling is pro-
hibited between 15 March and 15 June during the peak halibut spawning period.

The lack of juveniles in northern California may be due to the influence of the California current. Sverdrup et al.
(1942) described the circulation pattern of the California current in central and northern California where upwelled
water in spring and summer moves offshore and southward a long distance and returns inshore south of Point Dume.
Spawning peaks in May at the time of upwelling and offshore movement of water. Halibut eggs and larvae, if simil-
ar to those of other flatfish, are up in the water column and are moved offshore, but then returned to the southern
California bight where known nursery areas exist.

Environmental conditions such as warm water periods, El Niños, seem to have relationship to halibut distribution
in some years but not in others. Strong warming events occurred in 1957–58, 1972–73, and 1982–83 (Mysak 1986).
Norton et al. (1985) described the 1982–83 El Niño as part of one of the most intense ocean-atmosphere events of
the century. Only during the 1982–83 El Niño did a halibut distribution response occur. The most northerly catches
of halibut off Eureka (Figure 4) occurred in 1982 and 1983. Higher all-gear and higher northern California halibut
catches have persisted from 1981 through 1986. Further work on stock discrimination is needed. Current halibut tag-
ging work is opportunistic, and a larger effort is needed along with emphasis on other methods of stock separation.
An overall halibut program which incorporates fishery and biological data from existing and new sources to determ-
ine the stock or stocks, population dynamics, and status of stocks is needed on which to base management alternat-
ives.

Trawl catch records show concentrations of halibut in shallow waters with major catch areas adjacent to the large
urban areas of San Francisco and Santa Barbara. Human uses of the nearshore environment can result in degrada-
tion. Therefore habitat protection has to be part of the overall halibut management scheme.
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ABSTRACT
Between 1981 and 1983, recreational catches and commercial landings of California halibut, Paralichthys californi-
cus, decreased over 40%. Recreational fishermen, troubled by decreased catches and recent increases in gill net
activity, began more actively to voice concerns about the gill net fishery. In response, the California Department of
Fish and Game began an on-board observation program of gill net boats in 1983. Through this program, information
on the catch of all fishes including halibut was collected.

In this study, various aspects of the halibut catch from gill net boats targeting halibut in southern California for
1984–86 were examined. These included the size and disposition of the catch and the number of halibut caught per
observed boat day (catch-per-unit- effort = CPUE). CPUE was then used along with halibut fleet effort to estimate
the catch of halibut by the halibut gill net fleet in southern California. Four different catches were estimated: total
catch, saleable catch, retained catch, and discarded catch. Retained and discarded catch estimates were subsequently
converted to numbers for comparison with catch estimates from the recreational fishery.

Examination of the halibut catch from observed gill net boats revealed that, by number, approximately 75% of the
halibut caught were legal and thus were subsequently sold. Sublegal halibut brought aboard were generally kept for
personal use or discarded live; fewer than 16% were discarded dead.

The highest total CPUE, saleable CPUE, and retained CPUE were recorded in 1985. The highest fleet effort, 7929
boat days, was also recorded in 1985. As a consequence, estimates of total catch (total CPUE * fleet effort) were
highest in 1985 and ranged from 199,000 kg halibut in 1984 to 294,000 kg in 1985. From 12% to 15% of this total
catch was kept for personal use or discarded; the remainder was sold.

The number of halibut retained ranged from 56,800 in 1984 to 79,000 in 1985. This number was greater than the
number of halibut retained by southern California anglers for each of the 3 years; however, the proportion
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of halibut taken by anglers increased from 28% in 1984 to 49% in 1986.

INTRODUCTION
Prior to the early 1970s, periods of high recreational catches of the California halibut, Paralichthys californicus, gen-
erally coincided with periods of high commercial landings (Karpov 1981; Methot 1983; Reed and MacCall 1988).
off southern California, nearly all reported recreational catches were taken aboard commercial passenger fishing
vessels (CPFVs), while most commercial landings came from gill-netters and trawlers (Karpov 1981; Methot 1983).

In 1971, the California Legislature established new regulations for both the recreational and commercial halibut
fisheries. These regulations included a 22-inch (559-mm) minimum size limit, a reduced bag limit for the recreation-
al fishery, an allowance of 30 lb (14 kg) of undersize fish for the commercial fishery, and special restrictions on
trawlers (Karpov 1981; Methot 1983; Reed and MacCall 1988).

During the following 10 years, the coinciding pattern of recreational and commercial catches changed: recreation-
al catches from CPFVs decreased and then leveled off while commercial landings gradually increased. The new reg-
ulations may have contributed to this change in pattern. For instance, the decrease in recreational catches may have
been partly due to the reduced bag limit (Karpov 1981). However, it is difficult to say how much the new regula-
tions contributed to the pattern change because of the changes that also occurred in the fisheries. For example, in the
recreational fishery, the proportion of halibut taken aboard CPFVs dropped while the proportion taken aboard
private boats increased (Methot 1983); CPFVs may have switched to other target species (Karpov 1981). Also, in
the commercial fishery, the proportion of halibut taken by gill nets in the Santa Barbara region increased, while the
proportion taken by trawls decreased (Karpov 1981; Barsky 1990); gill nets proved an effective gear and were not
subject to the same seasonal and areal restrictions as were trawls (Karpov 1981; Methot 1983).

In 1979, the National Marine Fisheries Service (NMFS) began to study the catch of recreational fishermen from
CPFVs, private boats, man-made structures, and shorelines. These studies indicate that the total recreational catch of
halibut in the 1970s may have been somewhat larger than the CPFV data alone would suggest, but that it did not
reach previous levels of high catch (NMFS 1984, 1985, 1986; Reed and MacCall 1988).

Then, between 1981 and 1983, recreational catches of halibut in southern California decreased over 50% (NMFS
1984, 1985), while commercial landings in this area decreased by approximately 41% (Pacific Fisheries Information
Network [PACFIN] Special Report on California Halibut 1988). Recreational fishermen, already troubled by in-
creased gill net fishing, now began more actively to voice their concerns. Some of these concerns centered around
the total catch of the gill net fleet (composed of fish kept for personal use, fish discarded, and fish landed).

Because information necessary to address these concerns was not available through such sources as the commer-
cial landing receipts (pink tickets), the California Department of Fish and Game (CDFG) began in 1983 an on-board
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observation program of the set gill net fishery. Through this program, information on the total catch of all fishes as
well as other pertinent aspects of the fishery were collected.

This paper presents the results of an analysis of catch data for halibut collected by observers on gill net boats tar-
geting halibut in southern California for the years 1984–86. It provides information on the size distribution and dis-
position of the total catch; estimates of the total catch, saleable catch, retained catch (to be compared with the re-
tained catch of recreational fishermen), and discarded catch (Table 1); and comparisons between saleable, total, and
retained catch estimates. These comparisons provide information on the amount of halibut brought aboard the boats
and retained, over the amount sold (landed).

TABLE 1. Definitions for the four catch estimates derived for gill net boats targeting California halibut.
To evaluate the validity of the four catch estimates obtained from observations, saleable catch estimates are com-

pared to the landed catch of gill-netters in southern California. Factors that might cause the four catch estimates to
be overestimated or underestimated are then discussed.

Finally, the relative distribution of the halibut catch is examined by comparing the retained catch estimates of the
halibut gill net fleet with corresponding NMFS catch estimates for the recreational fishery.

METHODS
Collection of Observer Data
The following sampling procedure was designed to collect as representative a sample as possible from those fisher-
men willing to participate in the CDFG's voluntary gill net observation program. Observers contacted fishermen at
major docks from Santa Barbara to San Diego as they returned from tending their nets. (Gill-netters normally leave
their set nets in place overnight, retrieve them the next day, then remove the catch and reset the nets.) Each observer
asked permission to observe fishing from the first gill-netter contacted, even if this person had previously refused to
take observers. If refused, the observer continued to contact fishermen until granted permission. Once granted, the
observer attempted to arrange a trip within 24 h so that nets already in the water would be sampled. This reduced the
effect that observer presence had on normal fishing patterns.
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The observer boarded the fishing boat when it left the dock and remained aboard until it returned. Information on
target species (the primary species sought), net construction, fishing location, and the environment (e.g. water depth,
presence of kelp, etc.) in which the nets were set was obtained for each net retrieved. Fish and other animals brought
aboard were identified, counted, and their final disposition (discarded live or dead, kept for personal use, or sold) re-
corded. Halibut were measured (total length) whenever possible.

Portions of the halibut fishery take place at a considerable distance from port, mostly around the northern Channel
Islands, along the mainland between Gaviota and Point Arguello, and between Point Mugu and Malibu Point. Boats
fishing in these areas often remain on the fishing grounds for several days and can accommodate only their normal
crew. Beginning in 1985, a boat was chartered to taxi observers out to gill net boats working in these remote fishing
grounds. Observation procedures were the same as those used by shore based personnel.

Calculation of Catch
Sample Criteria
Only observations from gill net sets targeting halibut were used in this analysis. Halibut were taken incidentally by
boats targeting other species (e.g. angel shark, Squatina californica, and white seabass, Atractoscion nobilis) , but
these observations were excluded from the analysis because a fleet effort estimate for this nondirected take was not
available. The CDFG staff estimate that the incidental take of halibut by gill-netters targeting on other species makes
up from 10% to 15% of the landed gill net catch.

For the remainder of this paper, "halibut fleet" will refer to that portion of the gill net fleet targeting halibut.

Definitions of Effort and Catch
A "boat day" was chosen as the measure of effort for this analysis and was defined as all halibut nets pulled by one
boat in one calendar day. This measure of effort was chosen over other measures (e.g. number of nets or fathoms of
net fished) because fewer assumptions were used in calculating the fleet effort estimate for this measure. Weight of
halibut was chosen as the measure of catch. Catch-per-unit-effort (CPUE) was defined as the weight (kg) of halibut
caught per boat day.

Catch Equation
Estimates of catch for the halibut fleet were calculated using the following equation:

EQUATION
where CF = catch for halibut fleet for given calendar year
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TABLE
BDF = total number of boat days for halibut fleet for given calendar year

Calculations of Mean CPUE
Calculation of Weights
For each boat day, the number of halibut caught, the number measured, and the number not measured were calcu-
lated for each of the four disposition categories. Numbers of measured and unmeasured halibut were then converted
to weights as follows. Weights were calculated for measured halibut using length-weight coefficients derived by
Schott and described by Reed and MacCall (1988). Measured halibut were categorized as legal or sublegal accord-
ing to the 559-mm size limit. Totals of weights for measured fish per boat day (MWBD) were then calculated for
legal and sublegal fish in each of the four disposition categories.

Weights were estimated for unmeasured halibut as follows. An analysis of the final dispositions of the measured
halibut from 1984 to 1986 showed that on average 99% of the halibut discarded live were sublegal, 98% of the
halibut sold were legal, and 51% of the halibut discarded dead were legal. Thus, unmeasured halibut discarded live
were categorized as sublegal. Unmeasured halibut sold were categorized as legal. Unmeasured halibut discarded
dead were equally divided between the two categories for each boat day. This analysis also showed that 93% of the
halibut kept for personal use were sublegal. The number of halibut in this disposition was relatively small; therefore,
this proportion was rounded to 100%. As a consequence, unmeasured halibut kept for personal use were categorized
as sublegal.

The weight of unmeasured legal and sublegal halibut was then estimated for each of the four disposition categor-
ies for each boat day using the following equation:

EQUATION
where UWTij = weight of unmeasured halibut of size category i and disposition j for each boat day UNij = num-

ber of unmeasured halibut of size category i and disposition j for each boat day

EQUATION
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·for each boat day
·i= 1 sublegal 2 legal
·j= 1 sold
·2 kept for personal use
·3 discarded alive
·4 discarded dead

For some boat days, no measurements were available for legal or sublegal halibut. The weight of these halibut
was estimated for each of the four disposition categories for each boat day using the following equation:

EQUATION
where

EQUATION
Totals of weights for unmeasured fish per boat day (UWBD) were then calculated for legal and sublegal fish in

each of the four dispositions.
By summing weights of measured (MWBD) and unmeasured (UWBD) fish, grand totals of weights per boat day

(TWBD) were obtained for legal and sublegal fish in each of the four disposition categories.

Calculation of CPUE
Four different catches for each boat day (CPUE) were calculated. Total CPUE was calculated by summing all
TWBD (legal and sublegal fish over all four dispositions). Saleable CPUE was calculated by summing the TWBD
from sold fish. Retained CPUE was calculated by summing the TWBD from fish kept for personal use or sold. Dis-
carded CPUE was calculated by summing TWBD from fish discarded dead or discarded live. These CPUE are re-
lated as follows: CPUET = CPUES + CPUEU CPUET = CPUER + CPUED where CPUET = total CPUE CPUES =
saleable CPUE CPUEU = unsold CPUE (not calculated) CPUER = retained CPUE CPUED = discarded CPUE
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Bootstrap Analysis
Examination of the distributions of CPUET, CPUES, CPUER, and CPUED for each calendar year showed that in all
cases they were severely nonnormal. Therefore, nonparametric estimates of standard errors and confidence intervals
for each of the CPUE listed above were generated using a bootstrap.

The bootstrap simulates multiple sampling of the population by repeated resampling, with replacement, of the ac-
tual sample (Efron and Tibshirani 1986). The statistic of interest, in this case mean CPUE, is computed for each of
the bootstrap samples. It is assumed the actual data are an unbiased random sample of the population.

The following bootstrap procedure was used for each of the four different CPUE discussed above. From each
sample of CPUE for each calendar year (where sample size = number of boat days observed for the selected calen-
dar year), 1000 bootstrap samples were generated. Mean CPUE was then calculated for each bootstrap sample. Fi-
nally, from these 1000 values of mean CPUE, an overall mean CPUE and a 95% confidence interval were calcu-
lated.

Estimates of Halibut Fleet Effort
Estimates of the number of boat days expended by the halibut fleet in southern California (Point Conception to the
Mexican border) for 1984, 1985, and 1986 were obtained by compiling effort data from three sources: gill net fish-
ing logs, commercial landing receipts, and gill net observer data. The method used to combine these three sources is
described by Diamond and Vojkovich (1990).

Halibut Fleet Catch
Using the four different mean CPUE calculated in a previous section and the estimates of halibut fleet effort, four
different catch estimates were calculated for each calendar year. These four catch estimates are defined in Table 1.

Conversion of Weight to Numbers
To compare sport and halibut fleet catches, retained and discarded catch estimates for the halibut fleet were conver-
ted from weight to numbers as follows:

EQUATION
where

EQUATION
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RESULTS
Size Distribution of Catch
The mode for the total lengths of all halibut measured aboard observed boats was the same for all 3 years (Figure 1).
The proportion of sublegals in this measured catch increased from 20% in 1984 to 28% in 1986. However, the
highest proportion of 800-mm and larger halibut occurred in 1985. As a consequence, the average length of halibut
was highest in 1985.

Disposition of Catch
Most of the halibut brought aboard by observed boats, whether by number or weight, were legal and were sub-
sequently sold (Tables 2 and 3). The sublegal halibut that were brought aboard were generally kept for personal use
or discarded live. Some of the legal halibut were discarded dead. Most of these fish were damaged.

Temporal Distribution of Observed Catch and Effort
From 70% to 85% of the total observed catch, by weight, was taken in February through July. Much of the landed
gill net catch was also taken during these months (Figures 2 3 4).

The temporal distribution of the observed catch closely mirrored that for observed effort except for 1986 (Figures
2–4).

The temporal distribution of observed effort was similar to that for the halibut fleet except for 1984 which was
significantly different (x 2 = 25.5, df=11, P=0.008).

Mean CPUE and Halibut Fleet Effort
The highest mean total CPUE, saleable CPUE, and retained CPUE was recorded in 1985 (Table 4). The highest
mean discarded CPUE was recorded in 1984.

The highest effort for the halibut fleet was recorded in 1985 (Table 5). Observers sampled from 1.8% to 2.7% of
the estimated halibut fleet effort.
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FIGURE 1. Length-frequency distributions for all California halibut measured on gill net boats targeting halibut in
southern California, 1984–86
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TABLE 2. Number of California halibut (measured and unmeasured) brought on board in halibut gill nets from
observed boats in southern California, 1984–86.

Halibut Fleet Catch
Because fleet effort and total, saleable, and retained CPUE were highest in 1985, estimates of total catch, saleable
catch, and retained catch were also highest in 1985 (Tables 6 and 7). Comparisons of the saleable catch estimates
with total catch estimates indicate that from 12% to 15% of the total catch was kept for personal use or discarded.
Similar comparisons of saleable catch with retained catch reveal that 91–94% of the halibut brought aboard the boats
and retained was sold.

Conversion of Weight to Numbers
The average weight ([WT]) for halibut retained or discarded by gill-netters varied slightly between years (Table 8).
Because of the high proportion of sublegals in the discarded catch, the average weight for this catch was lower than
the average weight for the retained catch.

The number of halibut retained by the halibut fleet ranged from 56,800 fish in 1984 to 79,900 in 1985 (Table 7).
The number discarded ranged from 11,200 in 1984 to 13,400 in 1985.
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TABLE 3. Weight (kg) of California halibut (measured and unmeasured) brought on board in halibut gill nets
from observed boats in southern California, 1984–86.

DISCUSSION
Total Catch
The total catch of halibut by the halibut fleet in 1984–86 had specific characteristics. Length frequency data show
that approximately 60% of the catch consisted of fish in the 560-mm to 700-mm size range (Figure 1). Fish in this
size range are almost all mature fish at between 4 and 10 years of age (Love and Brooks 1990; Pattison and McAl-
lister 1990). These length-frequency data also have a mode for legal halibut that is about 20 mm (0.8 in) larger than
that for legal halibut caught and retained by southern California anglers (Figures 1 and 5).

Most of the total catch by weight was sold. Little of it was wasted even though approximately one-quarter of the
total catch by number consisted of sublegal fish. Some of these sublegals were sold. This is permitted if a fish
weighs more than 4 lb (1.8 kg) in the round. However, it is not possible to determine whether the sublegals sold met
this criteria from the data available. An average weight of these sublegals can be calculated from the numbers and
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FIGURE 2. Temporal distribution of effort and catch for California halibut in southern California: 1984
weights in Tables 2 and 3, but this average is misleading because the weights in Table 3 are based on Schott's
length-weight conversions.

Nearly half of the sublegals in the total catch were kept for personal use. This is not unexpected because until
January 1986, gill-netters could keep for their own personal use up to 30 lb (14 kg) of undersized halibut. After this
date, this allowance of undersized fish was reduced to 4 fish (about 5.5 kg).

About 75% of the total catch was taken in February through July (Figures 2–4) when halibut are spawning in shal-
low nearshore waters (Clark 1931).
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FIGURE 3. Temporal distribution of effort and catch for California halibut in southern California: 1985

Validation of Catch Estimates
Landed catch of halibut from commercial landing receipts for gill-netters includes both halibut taken by the halibut
fleet and halibut taken incidentally by the remainder of the fleet (e.g. gill-netters targeting angel shark and white
seabass). The saleable catch estimate calculated from the observer data can not be directly compared to that part of
the landed catch taken by the halibut fleet
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FIGURE 4. Temporal distribution of effort and catch for California halibut in southern California: 1986
because landed catch for the halibut fleet only cannot be calculated. As previously stated, incidental take by the re-
mainder of the fleet is estimated to be from 10% to 15% of the landed catch. Thus, saleable catch estimates expan-
ded by 15% for incidental take (hereafter referred to as expanded saleable catch) should be comparable to landed
catch for all gill-netters in southern California.
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TABLE 4. Means and 95% confidence intervals for total CPUE, saleable CPUE, retained CPUE, and discarded
CPUE from bootstrap analysis for gill net boats targeting California halibut in southern California, 1984–86.

CPUE given in kg per boat day.

TABLE 5. Observed effort and total effort for the gill net boats targeting California halibut in southern Califor-
nia, 1984–86.

TABLE 6. Estimates of mean and 95% confidence intervals for total and saleable catch of California halibut for
gill net boats targeting California halibut in southern California, 1984–86. Catches presented in weight (kg).
Over 87% of the halibut landed by known gear in southern California in 1984, 1985, and 1986 were caught in gill

nets (PACFIN Special Report on California Halibut 1988); thus halibut caught by unknown gear in southern Califor-
nia during these 3 years were likely also caught by gill nets. Because of this, comparisons of expanded saleable
catch estimates were made with landed catch for gill nets and unknown gear combined.

Comparisons of expanded saleable catch estimates with landed catch indicate that the saleable catch estimates
presented in this paper are underestimated (Table 9). Landed catch fell just at the upper limit of the 95% confidence
interval in 1984, above the mean, but within the 95% confidence
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TABLE 7. Estimates of mean and 95% confidence intervals for retained and discarded catch of California halibut
for gill net boats targeting California halibut in southern California, 1984–86. Catches presented by weight (kg)

and by number.

TABLE 8. Average weight (kg) of California halibut from the total, retained, and discarded catches of gill net
boats targeting halibut in southern California, 1984–86.

interval in 1985, and slightly above the upper limit of the 95% confidence interval in 1986. These results suggest
that the upper limit of the 95% confidence interval probably provides a more realistic approximation of saleable
catch than does the mean.

Because saleable catch was found to be underestimated, the total, retained, and discarded catch estimates presen-
ted in this paper should also be considered underestimated. The upper limit of the 95% confidence interval should be
used as a more realistic approximation for each of these catches.

Underestimation of the catch estimates could have resulted from an underestimation of mean CPUE or fleet effort.
Mean CPUE could have been affected by several factors. First, weights were calculated from total lengths using the
coefficients as derived by Schott (Reed and MacCall, 1988). These coefficients were calculated using halibut collec-
ted in trawls with a female:male ratio of approximately 2:1. In some areas along the southern California
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FIGURE 5. Length-frequency distributions of California halibut retained by southern California anglers, 1984–86.
NMFS Marine Recreational Fishery Statistics Survey data
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TABLE 9. Expanded saleable catch estimates (saleable catch + 15% incidental take) of California halibut from
observer data taken on gill net boats targeting halibut, and landed catch of California halibut from commercial

landing receipts for gill nets and unknown gear in southern California, 1984–86. Catches presented in kg.
mainland, the female:male ratio now may be close to 5:1 (Sunada et al. 1990). Females are heavier than males for a
given length (Pattison and McAllister 1990). Thus, if the female:male ratio for the sampled halibut was higher than
that ratio for Schott's sample, halibut weights calculated from the observed data would have been underestimated.

Second, mean CPUE could have been underestimated if gill- netters retained and sold a higher proportion of sub-
legal halibut during trips without observers than during trips with them.

Finally, mean CPUE could have been underestimated if an unrepresentative group of gill net boats were sampled.
A biased sample could occur if the temporal or spatial distribution of sampling effort was different from that of the
fleet. As shown earlier, the temporal distribution of observed effort was not significantly different from the temporal
distribution of halibut fleet effort in 1985 and 1986. However, a significant difference did occur in 1984. This was
the only year analyzed which did not include sampling in remote fishing areas. This suggests that the spatial distri-
bution of sampling effort may have been different than that of fleet effort. However, it was not possible to compare
these two spatial distributions because fleet effort, as calculated, could not be stratified by area.

A biased sample could also occur if samplers rode boats which consistently caught fewer halibut than those boats
not sampled. Observers did sample a core group of boats all 3 years; however, approximately 60% of the observed
trips were on boats that were sampled for only 1 or 2 of the 3 years examined. Even so, different data sets such as
the disposition of the catch and the proportion of sport-only species in the catch remained fairly consistent across all
3 years (Collins et al. 1985, 1986; Vojkovich et al. 1987).

Several factors probably affected the estimation of fleet effort. First, estimation of fleet effort was dependent upon
distinguishing the logs of the halibut fleet from the logs of the remainder of the fleet. If the information needed to
distinguish between these groups—gear size, landed catch, fishing depth—was not available, estimation of fleet ef-
fort could be affected. Second, if a gill net log was missing, but a commercial landing receipt for that boat was avail-
able, 1 d of effort was counted (Diamond and Vojkovich 1990). However, landing receipts for multiple day trips are
generally indistinguishable from receipts for
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single day trips. Thus, fleet effort could have been underestimated because of missing logs.
In summary, it is very likely that both mean CPUE and fleet effort were underestimated. Mean CPUE was prob-

ably underestimated because length-to-weight conversions were calculated using coefficients based on low fe-
male:male ratios. Changes in fishing patterns because of observer presence and biases in the spatial distribution of
sampling effort may also have contributed. Fleet effort was probably underestimated because of missing and incom-
plete logs.

Relative Distribution of the Halibut Catch
The relative distribution of the halibut catch was examined by comparing the number of halibut retained by the
halibut fleet with the number of halibut retained by southern California anglers. As mentioned earlier, the estimates
of retained catch for the halibut fleet are probably underestimated with the upper limit of the 95% confidence inter-
val providing a better estimate. On the other hand, the estimated number of halibut caught by southern California
anglers is probably overestimated by up to 40% (S.J. Crooke, CDFG, pers. comm.). The NMFS Marine Recreational
Fishery Statistics Survey (MRFSS) does not sample moored boats (e.g. in or from marinas) because many of these
are behind locked gates or are on private property. Calculations of recreational catch have been based on the as-
sumption that anglers on these moored boats target halibut as often as anglers on boats in sampled areas; however,
recent preliminary data indicate that this is probably not true. The lower limit of the 95% confidence interval for the
NMFS estimate of mean angler catch is about 20% to 30% below the mean (NMFS 1985, 1986, 1987). Thus, it may
provide a more realistic approximation of the number of halibut caught by southern California anglers than does the
mean.

Comparisons of retained catch using the upper limit of the confidence intervals for the halibut fleet and the lower
limit of the confidence intervals for anglers show that the number of halibut retained by the halibut fleet was greater
than the number retained by southern California anglers for each of the 3 years; however, in 1986, the difference
between the number of halibut retained by the halibut fleet and the number retained by anglers was small (Tables 7
and 10). Comparison of the percent of fish retained by southern California anglers with the retained catch of the
halibut fleet and anglers together reveals that the proportion of halibut taken by anglers increased from 28% in 1984
to 49% in 1986.

SUMMARY
 
 # 1. Estimates of total catch for the halibut fleet ranged from 199,000 kg halibut in 1984 to 294,000 kg in 1985. 
From 12% to 15% of this total catch was kept for personal use or discarded; the remaining catch was sold.


# 2. Comparisons of expanded saleable catch with landed catch (landing receipts) indicate that the catch 
estimates in this paper are underestimated. This underestimation is probably a result of an underestimation 
of both mean CPUE and fleet effort. The upper limit of the 95% confidence interval is considered a 
more realistic approximation of catch. 
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TABLE 10. Estimate of the number of California halibut retained by gill net boats targeting halibut, 
estimate of the number of halibut retained by anglers, and the proportion of the halibut catch taken by 
anglers in southern California, 1984–86.
 


 
# 3. The number of halibut retained by the halibut fleet ranged from 56,800 halibut in 1984 to 79,900 in 1985; 
the number discarded ranged from 11,200 in 1984 to 13,400 in 1985.

 
# 4. The number of halibut retained by the halibut fleet was greater than the number retained by southern 
California anglers for each of the 3 years; however, the proportion of halibut taken by anglers increased from 

28% in 1984 to 49% in 1986.  
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ABSTRACT
Some prohibited and unmarketable species, especially seabirds and marine mammals, are captured incidentally in
the gill and entangling net fishery for California halibut, Paralichthys californicus, along the California coast. To as-
sess the magnitude of this incidental catch and to evaluate the effectiveness of regulations enacted to lessen this take,
total fishing effort estimates were needed. To calculate these estimates, a unique method utilizing three different and
distinct data sources was developed and is presented here.

Total effort estimates were calculated for the entire state as well as four distinct fishing areas: San Francisco,
Monterey Bay, Morro Bay, and Southern California. These estimates indicate that total fishing effort by the gill and
entangling net fleet approximately doubled for halibut from 1980 to 1986. However, distinct fluctuations in effort
were noted in each area. Total effort in the San Francisco area peaked in 1983 and then declined to a level slightly
less than that in 1981. In the Monterey area, effort declined more than 90% from 1980 to 1983 and then peaked in
1985. The Morro Bay area showed the greatest increases in effort from 1984 to 1986. Likewise, total effort in the
Southern California area showed its greatest increase in 1984 and remained at that level. Possible causes for effort
fluctuations are given as well as suggestions for increased reliability of the estimates.

INTRODUCTION
Gill and entangling nets have been traditionally used to fish for California halibut, Paralichthys californicus, in shal-
low waters off the coast of California (Methot 1983). Gill nets are vertical curtains of webbing designed primarily to
catch fish by the opercula (Bullis and Captiva 1969). Entangling nets are modified gill nets that use suspenders or
clips to create vertical slack, or that use several layers of webbing with different mesh sizes (trammel nets) to en-
snare animals. Gill and entangling nets for halibut are weighted to fish the ocean bottom and anchored in place (set
nets).
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Gill and entangling nets are constructed to capture specific fish or fishes (target species), but they also incident-
ally catch animals that are unmarketable or whose capture is prohibited by law. These animals include marine mam-
mals, seabirds, and fishes set aside for recreational use. Public concern about the incidental catch, and increased
competition between recreational and commercial fishermen for limited fishery resources have created a controversy
regarding the use of gill and entangling nets. This controversy has resulted in a series of regulations designed to re-
strict the use of set nets.

Refined estimates of total fishing effort were needed initially to assess the magnitude of the incidental catch of
marine mammals and seabirds in set nets (Diamond and Hanan 1986; Marine Resources Division 1987). As regula-
tions were implemented, effort estimates were used to evaluate the effectiveness of area and depth closures in redu-
cing the incidental catch, and to determine the effects of restrictions on commercial fishing. Effort estimates have
since been utilized to determine the total number of fishes, both prohibited and target species, caught in set nets
(Vojkovich et al. 1989; Aseltine 1990).

This report describes the methods used to estimate the total annual fishing effort in the halibut set net fishery in
California, and presents the estimates obtained for the 1980–86 fishing years. Observed trends in fishing effort are
discussed, and ideas for improving the data are suggested.

METHODS
The basic unit of effort is defined as one net fished, regardless of net length, type, material, or length of time fished
(soak time). Total fishing effort corresponds to the total number of nets fished for halibut in California during a
commercial fishing year, which extends from 1 April through 31 March. The legal range of fishing halibut with set
nets in California between 1980 and 1986 extended from the Sonoma-Mendocino County line, located north of Bo-
dega Bay, southward to the Mexican border. Because of natural geographic boundaries, regional differences in fish-
ing techniques, and localized concerns about the impacts of set nets, the halibut fishery was divided into four areas
for monitoring and analysis: San Francisco (Sonoma-Mendocino County line to Pigeon Point); Monterey Bay
(Pigeon Point to Point Sur); Morro Bay (Point Sur to Point Arguello); and Southern California (south of Point Ar-
guello; Figure 1).

Total Halibut Fishing Effort
Total fishing effort was estimated by area and year, as follows:

TABLE
where:

TEy = total fishing effort in California for fishing year y;
Da = total number of days fished by all vessels in area a; and
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FIGURE 1. The four fishing areas for California halibut with gill and entangling nets (set nets). Set nets are illegal
in California north of the San Francisco area

Na = average number of nets fished daily per vessel in area a.
Although this equation was used to calculate TEy each year, Da and Na were derived differently in 1980–82 due

to differences in available data. The procedures used to estimate 1983–86 effort will be presented first because they
form the basis for the 1980–82 estimates.

1983–1986 Halibut Fishing Effort
Data Used to Estimate TEy
Three data sources were used to estimate total fishing effort: fishing logs, landing receipts, and observations by Cali-
fornia Department of Fish and Game (CDFG) personnel. Three sources were needed because no single source
provided a complete record of total effort, and because of problems with conflicting, erroneous, and missing data.
Each data base was examined to identify data pertaining to the halibut set net fishery as described below.
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Fishing Logs. Gill net fishermen are required by law to submit fishing logs. Required log information includes
vessel identification (boat number), fishing date and location, water depth, soak time, net length, and catch. Informa-
tion about mesh size has been required since 1984.

Target species were assigned to each log using guidelines based on fishing location, net characteristics, and catch;
these guidelines changed slightly as regulations changed. Generally, halibut was the assigned target species for nets
that were fished in water less than 20 fm (37 m) deep, had stretched mesh sizes of 8–8.5 inches (203–216 mm), and
soaked 48 h or less. The catch composition that identified halibut as the target species consisted of halibut and asso-
ciated species such as: Pacific angel shark, Squatina california; starry flounder, Platichthys stellatus; shovelnose gui-
tarfish, Rhinobatos productus; bat ray, Myliobatis californica; skates, Raja spp.; leopard shark, Triakis semifasciata;
soupfin shark, Galeorhinus zyopterus; thresher shark, Alopias vulpinus; spiny dogfish, Squalus acanthias; white
seabass, Atractoscion nobilis; and brachyuran crabs.

Identifying halibut effort was sometimes difficult because the same net was often used to fish for other marketable
species with similar habitat requirements, behavior, and body shape, such as starry flounder in the San Francisco
area and Pacific angel shark in Southern California. Flounder effort could not be separated from halibut effort, and
was therefore included in the estimates. Pacific angel shark effort could often be separated from halibut effort by dif-
ferences in fishing location or mesh size, consistently large catches of angel shark, or personal knowledge of indi-
vidual fishing habits. Thus, when possible, angel shark effort was excluded from the estimates.

Landing Receipts. Wholesale fish buyers and fishermen who sell directly to restaurants or to the public are re-
quired by law to submit landing receipts to the CDFG. Information recorded on the landing receipt includes boat
number, date, fishing location, gear type, price, and pounds bought or sold, by species.

Receipts from all known or suspected set net vessels were evaluated to identify fish caught with set nets because
gear type was often omitted or erroneously recorded. Set net receipts were distinguished by differences in catch
composition, recognizable patterns of gear use by fishermen, or personal knowledge of particular fishing vessels.

As with the fishing logs, a target species was assigned to each landing receipt for fish caught with set nets. For the
1983–85 data, assignment of target species was based on the relative pounds of each species landed, each vessel's
pattern of landings, and personal knowledge of individual fishing habits. For the 1986 data, a computer program was
written that incorporated the information gained from evaluating the 1983–85 data. The program logic was derived
by comparing target species assigned by the computer to those assigned manually. Halibut was assigned as a target
species by the computer in various ways, depending on: i) the pounds of halibut landed that day, ii) the number of
recent halibut landings by that vessel, iii) the pounds landed of associated species as listed above, iv) recent assign-
ments of halibut as a target species, and v) other possible target species (Figure 2). Thus, halibut could be the target
species even if no halibut were landed that day.
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FIGURE 2. An example of the logic used by the computer to assign halibut as a target species if halibut or starry
flounder were landed. Halibut could be a target species even if no halibut was landed that day, depending on the
pounds landed of other species associated with halibut, and how consistently halibut was landed by that vessel
Observations. By the start of the 1983 fishing year, observations of fishing activity were underway in all four

areas. Observers recorded data such as date, location, target species, net length, mesh size, and the number by spe-
cies of animals caught. Fisherman participation in the observation programs was voluntary; i.e. fishermen could re-
fuse without reprisal to be observed.

Observations were of two basic types: those made at sea (at-sea observations), and those made from shore using
Questar spotting scopes (shore-based observations). At-sea observations were usually arranged with as little ad-
vanced notice as possible, to minimize the chance that fishing activities might change due to an observer's presence.
Shore-based observations were only used when fishermen in an area did not participate in the program, or when
fishing took place in locations near the coast but far from port. Observers recorded the same kind of data as that
gathered at sea; however, data on net length, soak time, and mesh size could not be obtained.

Total Number of Days Fished (Da)
To obtain the total number of days fished, the three sources of halibut set net data were merged by boat number,
date, and area using the method described by Wendell et al. (1986). A day of fishing was indicated by the presence
of a log. If no log was submitted, a day of fishing was inferred by the presence of either a landing receipt or an ob-
servation.
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Average Number of Nets Fished Daily (Na)
Fishermen were asked to record on their logs the number of nets set daily. However, differences in interpretation
and variation in the accuracy and completeness of logs submitted made log data inadequate for determining Na.
Therefore, observations were used with the logs as follows:

TABLE
where: Na = average number of nets fished daily per vessel in area a; nij = cumulative length of all nets reported on
fishing logs by boat i on day j; Fi = number of days fished reported on logs by boat i; L = sum of net lengths of all
nets observed (excluding shore-based observations); and b = number of nets observed (excluding shore-based obser-
vations.

In summary, the average cumulative length of net fished daily per vessel as reported on logs was divided by the
average length per net from at-sea observations. This was accomplished using a bootstrapping procedure in which
randomly chosen values from the distribution of the numerator were divided by randomly chosen values from the
distribution of the denominator (Efron 1979). The procedure was repeated at least 500 times, creating a new data set
from the stored quotients. The average quotient, Na, and its standard deviation were obtained from the new data set.

For the bootstrap procedure, the numerator and denominator were assumed to be normally distributed. Shore-
based observations were not used because net length information could not be obtained. If an area lacked at-sea ob-
servations during the year, the average from the previous year was used.

To provide for a range in the estimated total number of nets, Na was expressed as a low, mean, and high value for
each area and year. Low and high values equaled the mean, minus and plus the standard deviation, respectively;
however, low values of Na could not be less than one, because a vessel must deploy at least one net for fishing to
have occurred that day.

1980–1982 Halibut Fishing Effort
Data Used to Estimate TEy
of the three data sources available for 1983–86 estimates, only landing receipts were consistently available for es-
timating total effort for 1980–82. The method of calculating effort for 1980–82 therefore relied on making receipt
data comparable to the merged data from later years.

270



As with the 1983–86 method, landing receipts were examined to determine gear type and target species. Receipts
with set nets as the recorded gear were considered set net receipts, as well as those that lacked an identified gear.
The latter were included because most halibut were caught with gill and entangling nets. Halibut was the assigned
target species whenever halibut was landed with set nets because halibut was not caught consistently in any other
gill and entangling net fishery prior to 1983.

Total Number of Days Fished (Da)
Da for 1980–1982 was calculated by area using a linear regression between the annual number of halibut set net
landings in 1983–86 and the yearly estimates of Da obtained from merging the fishing logs, landing receipts, and
observations for 1983–86 (Sokal and Rohlf 1973). Knowing the number of halibut set net landings in 1980–82, it
was then possible to estimate Da. Correlation coefficients between landings and estimates of Da ranged from 0.84 in
the Morro Bay area to 0.99 in the Monterey Bay area (Table 1).

TABLE 1: Regression between the number of halibut set net landings (X) and the number of days fished after
merging the data from fishing logs, landing receipts, and observations (Y), 1983–86. The regression takes the

form: Y = aX + b; r is the correlation coefficient.

Average Number of Nets Fished Daily (Na)
Fishing logs and observations were not available for 1980–82. Na was therefore estimated for these three years us-
ing one net fished daily per vessel as the low value, the 1983 mean as the mean value, and the 1983 mean plus the
standard deviation as the high value.

RESULTS
The mean number of halibut set nets fished in California increased from about 16,500 in 1980 to approximately
21,000 in 1981, then remained steady through 1983. In 1984, mean fishing effort increased to approximately 31,000
nets, and then continued at that level through 1986 (Figure 3; Tables 2 and 3).

Distinct patterns of fishing effort were noted in each area. In the San Francisco area, fishing effort peaked at ap-
proximately 4500 nets in 1983, then declined. By 1986, effort had decreased to 2500 nets, which was below the
1981 level (Figure 4A; Tables 2 and 3). Similarly, the total number of days fished (Da) peaked in 1983 and then de-
clined (Figure 4B; Tables 2 and 3), while the average number of nets fished daily per vessel (Na) remained constant
(Figure 4B; Tables 2 and 3).
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FIGURE 3. Total halibut set net fishing effort ([.]) in California. Error bars represent the standard deviation
In the Monterey Bay area, fishing effort decreased by approximately 30–40% annually between 1980 and 1983,

then nearly quadrupled from 1983 to 1984 (Figure 5A; Tables 2 and 3). Although Da was larger in 1984 than 1985,
total effort peaked in 1985 at about 1600 nets, reflecting the unusually large Na in that year (Figures 5A and B;
Tables 2 and 3).

Fishing effort in the Morro Bay area was greatest during 1986 when an estimated 4600 nets were fished (Figure
6A; Tables 2 and 3). Although more days were fished in 1984, Na was highest in 1986 with over four nets set daily
per boat (Figure 6B; Tables 2 and 3).

Fishing effort in Southern California increased from about 11,000 nets fished in 1980 to 14,000 nets in 1981, then
remained constant for 3 years. Fishing effort increased to about 22,000 nets in 1984, then stayed at that level through
1986 (Figure 7A, Tables 2 and 3). Da showed a similar pattern, while Na increased slightly from 1983 to 1984, then
remained steady through 1986 (Figure 7B, Tables 2 and 3).

DISCUSSION
Fluctuations in fishing effort can be attributed to a variety of factors. In the San Francisco area, the increase in effort
before 1983 was probably caused by the increasing number of participants in the fishery, and the influx of fishermen
moving north to avoid closures in Monterey Bay. Local area and depth closures enacted to reduce the incidental take
of marine mammals and seabirds may have caused the decrease in effort after 1983 (Marine Resources Division
1987).
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TABLE 2: Days fished, average number of nets fished daily per vessel, and total fishing effort, 1983–86. The low
value for Na equals either one net or the mean minus the standard deviation, whichever is higher; the high value

equals the mean plus the standard deviation.
The decrease in effort in the Monterey Bay area from 1980 to 1983 was probably due to the area and depth re-

strictions that began in Monterey Bay in June 1982, and to the exodus of Vietnamese halibut fishermen to the devel-
oping rockfish, Sebastes spp., and white croaker, Genyonemus lineatus, fisheries. Specific causes of the fluctuations
in fishing effort after 1983 in the Monterey Bay area and between 1980 and 1986 in the Morro Bay area are difficult
to identify, but probably include changes in the number of licensed fishermen, shifts in the halibut population due to
El Niño, and displacement of fishermen from closed areas. In addition, high levels of fishing effort in the Monterey
Bay area in 1985 and the Morro Bay area in 1986 were the result of increases in the average number of nets fished
daily. The increased value for Na in the Monterey Bay area may not have been valid because the increase was not
maintained the following year.

In Southern California, an increase in the number of halibut fishermen was possibly the cause of the increase in
fishing effort between 1983 and 1984. The consistent level of fishing effort between 1984 and 1986 most likely res-
ulted
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TABLE 3: Days fished, average number of nets fished daily per vessel, and total fishing effort, 1980–82. The min-
imum low value for Na equals one net; the high value equals the mean plus the standard deviation.

from two compensating factors: new market demands for species such as Pacific angel shark which reduced halibut
fishing effort; and closures in other gill net fisheries, such as the shark-swordfish fishery, which increased halibut
fishing effort.

Combining the three data sources provided better estimates of total fishing effort than using any individual source.
Fishing logs alone were inadequate for estimating fishing effort due to problems with the quality and quantity of the
data. For example, in a test comparison between logs and observations in Southern California for April 1985, 27%
of the observed nets could not be matched to a log, and only 13% matched exactly by boat number, date, net length,
and water depth. Likewise, based on days fished, between 9% and 45% of the fishing effort in each area during
1983–86 would not have been counted if logs alone were used.

Similarly, landing receipts were not used as the sole measure of effort because receipts were submitted by the fish
buyers, not the fishermen; thus the accuracy of the information was uncertain. In addition, landing receipts only doc-
umented successful fishing effort. CDFG observations, although considered to be accurate, were not used alone as
an effort estimator, due to the small percentage of fishing days that were observed.
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FIGURE 4. Halibut set net fishing effort in the San Francisco area. A. Total effort (•). Error bars represent the
standard deviation. B. The number of days fished (#), and the average number of nets fished daily (#)

Even using the three data sources, total fishing effort was underestimated by an unknown amount for three reas-
ons. First, it was possible to fish without submitting a log, to buy or sell fish without a landing receipt, and to avoid
being observed by the CDFG. This undocumented fishing effort was impossible to quantify. Second, each landing
receipt or observation not associated with a log was considered only 1 day fished, although fishing trips often con-
tinued for several days. Third, Na was underestimated because some fishermen underreported the length of net
fished, due to apprehension about future restrictions on gear. The magnitude of this bias could not be assessed.

The greatest difficulty in estimating fishing effort was identifying the target species of the landing receipts and
logs. Prior to the computerized system, target species assignments were often subjective and always labor intensive.
The automated procedure used for the 1986 landing receipts overcame most of

275



FIGURE 5. Halibut set net fishing effort in the Monterey Bay area. A. Total effort (•). Error bars represent the
standard deviation. B. The number of days fished (#), and the average number of nets fished daily (#)

these problems, but due to variations in data integrity, some computer generated target species assignments were un-
reconcilable or absent. These "problem" receipts were processed manually. Thus, a biologist was still needed to
make the final decision.

Presently, target species assignments for logs are made manually using a strict set of criteria; however, the same
problems mentioned above exist for this system. Creation of a computer program to assign target species to the logs
is the next step in improving the estimates of fishing effort.

Direct observation of every fishing trip is the only method of obtaining accurate effort figures. This method is not
an option in the entangling net fishery because of the size of the fishery itself, logistics, and monetary contraints.
However, improving the quality of the available data is an option. The logs
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FIGURE 6. Halibut set net fishing effort in the Morro Bay area. A. Total effort (•). Error bars represent the stand-
ard deviation. B. The number of days fished (#), and the average number of nets fished daily (#)

alone could provide the most complete set of information for effort estimations. Suggestions for improvements to
the data include better training of fishermen on log requirements, increased feedback about partially or incorrectly
completed logs, and stricter enforcement of penalties for inaccuate or unsubmitted logs. The most difficult problem
to overcome in improving log data is that many fishermen perceive restrictions on fishing operations as a direct res-
ult of the information submitted on logs. Unfortunately, this perception is often reality.
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FIGURE 7. Halibut set net fishing effort in the Southern California area. A. Total effort (•). Error bars represent the
standard deviation. B. The number of days fished (#), and the average number of nets fished daily (#)
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ABSTRACT
An allocation conflict exists between recreational anglers and commercial gill and trammel net fishermen over the
California halibut, Paralichthys californicus, resource off southern California. In 1986 legislation was enacted to in-
crease the minimum mesh size from 8 to 8.5 inches for gill and trammel nets used to take halibut from Point Dume,
Los Angeles County, to Ragged Point, San Luis Obispo County. The management objectives of this legislation were
to (i) increase the size of halibut caught by gill and trammel nets; and thus, (ii) increase the number of small, legal-
size halibut available to anglers; but at the same time (iii) maintain the total weight of halibut landings from the gill
and trammel net fishery.

At-sea observations of the southern California gill and trammel net fishery for halibut were made from 1983
through 1988. Total length and catch per unit of effort (CPUE) of halibut observed caught by 8-inch mesh gill and
trammel nets during the 6 years were summarized in a broad baseline analysis. Based on annual and areal variations
within the baseline analysis, a more restrictive period (generally 1986–88) and areas (Los Angeles, Point Dume, and
the Channel Islands) were then used in comparisons of catch by the 8- and 8.5- inch mesh nets to evaluate the effect-
iveness of meeting the management objectives.

Significant interannual and areal differences occurred in both length and CPUE within the baseline analysis of
halibut catches from 8-inch mesh nets. Average lengths of halibut from observed catches were 24.8 inches from
1983 to 1985, but high recruitment in 1986 and 1988 reduced this to 23.4 inches for 1986 to 1988. Halibut caught at
the Channel Islands averaged 28.3 inches, about 4 inches larger than fish caught along the mainland coast. Annual
CPUE increased from 1983 to 1987; CPUE in numbers of halibut (total CPUE) was highest off the southern main-
land, but salable weight CPUE was highest off the Channel Islands.

Comparisons between catches of 8- and 8.5-inch mesh nets made to evaluate success in meeting the above man-
agement objectives gave the following results:
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(i) length of halibut caught in 8.5-inch mesh nets was significantly greater than in 8-inch mesh nets at Point Dume 
and the Channel Islands, but not at Los Angeles;
    
 
 (ii) total CPUE from 8.5-inch mesh nets was significantly lower at Los Angeles, significantly higher at the Channel 
Islands, and not significantly different at Point Dume;
    
 
 (iii) salable weight CPUE from 8.5-inch nets was significantly lower at Los Angeles, significantly higher at the 
Channel Islands, and not significantly different at Point Dume. These results suggest that objectives (i) and (iii) are 

more likely to be met. Objective (ii), availability to the angler of additional numbers of halibut, is less likely.

   
INTRODUCTION
California halibut, Paralichthys californicus, inhabit coastal waters, to a depth of 600 ft (183 m), from Baja Califor-
nia Sur, Mexico to Quillayute River, Washington (Eschmeyer et al. 1983). An allocation conflict has arisen between
the recreational anglers and the commercial gill and trammel net fishermen in the intense southern California fish-
ery. A recent management strategy attempting to mitigate this conflict has consisted of a California Department of
Fish and Game (CDFG) sponsored gear modification requiring an increase in the minimum mesh size from 8 to 8.5
inches (203 to 216 mm) stretch measurement for gill and trammel nets used to take halibut. This paper compares the
catches made by nets constructed of these two mesh sizes and discusses the potential effectiveness of using mesh
size regulations to resolve the allocation conflict.

Southern California Halibut Fisheries
Halibut was the most sought after species among southern California marine sportfishes in 1986. Fishermen aboard
privately owned and small rental boats took 80% of a total estimated catch of 1,339,000 halibut. However, since
more than 90% of the catch was below the minimum size limit of 22 inches (559 mm) total length, and was released
alive; the portion landed was estimated at 114,000 fish, weighing 619,500 lb (281 metric tons), and averaging 5.4 lb
(2.5 kg) per fish (NMFS 1987).

Also, during 1986, halibut was the most valuable species to southern California nearshore set gill and trammel net
fishermen. Commercial fishery landing receipts documented total landings of 293 mt, valued at about $1.4 million,
in southern California ports that year. of this, 214 mt were landed from gill and trammel nets, 24 mt from trawl nets,
and 52 mt from unrecorded gear types. Thus, gill and trammel nets took almost 89% of landings from known com-
mercial origins.

Gill and trammel nets targeting halibut are constructed of monofilament mesh and anchored to the ocean bottom
(set gill nets). A widely used modification to the standard gill net involves the use of "suspender" lines, constricting
lines running from the float line to the lead line, that produce vertical slack in the mesh creating a type of trammel
net. Gill nets and, to a lesser degree, trammel nets are highly selective for size of fish (Lagler 1971). The fish netted
are largely
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restricted to sizes having a smaller head girth but a larger maximum girth than the perimeter of the net mesh
(Hamley 1975). This is especially true for a smooth bodied species such as halibut. Overall, the size of fish captured
increases as mesh size increases.

Minimum Mesh-Size Management
Based on a halibut catch of relatively small fish by the nonselective (by size) hook-and-line methods of the recre-
ational fishery and a commercial fishery that primarily uses size-selective gill and trammel nets, the CDFG suppor-
ted legislation to increase the minimum mesh size in gill and trammel nets. The objective was to increase the differ-
ential in the size of halibut caught by recreational and commercial fisherman, and thereby increase availability to the
angler of fish growing past the 22-inch minimum size limit before they recruited to the size selectivity of the man-
dated larger mesh size.

In recent years gill and trammel net fisherman have used two alternative mesh sizes when targeting halibut. Be-
fore 1986 a minimum legal mesh size of 8 inches stretch measurement was in effect for trammel nets in southern
California. Since 15 August 1986, a minimum mesh size of 8.5 inches has been in effect for both gill and trammel
nets used to take halibut in an area extending from Point Dume, Los Angeles County, north to Ragged Point, San
Luis Obispo County (Fish and Game Code, Section 8624). Fish and Game Code, Section 8625 expanded the
8.5-inch minimum mesh size requirement statewide beginning 15 August 1989; thus discontinuing the use of 8-inch
mesh off southern California south of Point Dume.

METHODS
Field Sampling
The southern California gill and trammel net fishery was observed from May 1983 through December 1988. Obser-
vations took place at sea during 1-day fishing trips departing ports and marinas from San Diego to Santa Barbara.
Beginning in 1985, 3- to 5-day cruises were made aboard a vessel chartered to taxi observers to distant fishing areas
inaccessible to port-based samplers but frequented by fishermen during multiple-day fishing trips. Cruise-based ob-
servations were made at Santa Cruz Island, Santa Rosa Island, Point Dume, and the remote coastal areas as far north
as Point Arguello (Figure 1).

Observers rode aboard the gill net boats with permission of the vessel operator; fishermen supplied information
on gill net length and mesh size. As the nets were retrieved, observers counted the halibut, measured total length,
and determined the sex by examining the gonads if the fish were cleaned. The final disposition of each halibut was
recorded as released alive, discarded dead, kept for personal use, or kept for sale.

Data Analysis
Halibut catches are compared by their length compositions and catch-per-unit-effort (CPUE) levels.
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FIGURE 1. Observation area of the southern California gill and trammel net fishery for halibut
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Length Comparisons
Halibut catches are divided into three size ranges: sublegal fish < 22 inches, "selected" size fish 22–34 inches
(864mm), and "large" fish > 34 inches. The selected size range is inferred from a comparison of mesh perimeter to
head girth and maximum girth regressed on length (Hamley 1975); for 8- and 8.5-inch mesh this is approximately
22–34 inches for halibut (unpublished data).

CPUE Comparisons
CPUE is calculated by dividing the number or weight of halibut caught in each net by the length of the net (float
line). No attempt is made to quantify the numerous other intrinsic and extrinsic variables (e.g. soak time, twine size,
hanging ratio, net depth, weather, scavenger removal of entangled fishes) that affect the CPUE level of a gill net. It
is assumed that fishing strategy attempted to maximize catch but was primarily limited by the amount of gear (net
length) that could be deployed by a vessel.

Three measures of CPUE are used. Total CPUE includes all halibut observed in a net. Salable CPUE is the por-
tion of total CPUE kept for sale. Generally, salable CPUE is equivalent to the CPUE of legal-size fish less a small
amount damaged by scavengers making them unmarketable. The third measure, salable weight CPUE, is calculated
by converting the measured lengths of salable fish to weights using a length-weight conversion (J.W. Schott, CDFG,
unpublished data described by Reed and MacCall 1988), calculating an average weight, and then multiplying by the
number of salable fish. Length-weight conversions differ for male and female halibut, so sex specific weight conver-
sions are calculated when sex is known; otherwise, a weight conversion for combined sexes (about # female) is
used.

The three CPUE measures are sensitive to different aspects of the gill net catch. Total CPUE describes the entire
catch and is sensitive to young fish recruitment. High survivorship of a year class will initially show up as the en-
tangled sublegal (i.e. nonsalable) portion of the catch. Salable CPUE includes only legal-size fish and is more sensit-
ive to changes in catch due to mesh-size selectivity. Both of these measures are reported as numbers of halibut per
unit of net. In evaluating angler versus gill net fisherman allocation-conflict mitigation, the assumption is made that,
given constant effort and recruitment, a reduced gill net CPUE in numbers will increase the numbers of halibut
available to the angler. Salable weight CPUE takes into account the size of the fish in the catch. Catch weight is the
"bottom line" to a gill net fisherman intent on making a living. In evaluating the allocation-conflict mitigation the as-
sumption is made that maintaining the salable weight CPUE maintains the economic return to the fisherman.

Since nets typically varied in length from 200 to 300 fm (366 to 549 m), total CPUE and salable CPUE are repor-
ted as halibut/100 fm and salable weight as pounds/100 fm (0.25 kg/100 m).

Statistical Tests
Nonparametric statistics were used in halibut length and CPUE comparisons. Multimodal distributions of length-
frequency histograms and a high incidence of nets observed without halibut catches (CPUE skewed to the right) vi-
olated assumptions of normality. A statistical test of a null hypothesis is considered "significantly different" (null
hypothesis rejected) at a probability (P) < 0.05.
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Preliminary Baseline Analysis
Nets of 8-inch mesh were used almost exclusively by halibut fisherman during 1983–85 and continued to be the
dominant gear in the fishery south of Point Dume during 1986–88. Catches from 8- inch mesh during this 6-year ob-
servation period along the mainland coast are presented in the "Baseline Catch Description" section where annual
and areal differences in length of fish caught and CPUE can be referenced. The three divisions (and periods of
sampling) for 8-inch mesh baseline areal comparisons are: (i) a southern mainland area extending from the Mexico
border to Palos Verdes Point (1983–88), (ii) a northern mainland area extending from Malibu Point to Point Ar-
guello (1983–86), and (iii) a Channel Islands area consisting of Santa Cruz and Santa Rosa Islands (1985–86; Figure
1).

Mesh-Size Analysis
In the "Mesh-Size Related Catch Differences" section, the years 1986–88 are selected for analysis in order to syn-
chronize catches with the implementation of 8.5-inch mesh, and because baseline comparisons indicated high inter-
annual recruitment variations with those of 1983–85. Because of persistent areal variability in the baseline catch
analysis, three smaller but diverse geographical areas are chosen to analyze potential mesh- size-induced changes in
catch. The three areas selected are: (i) Los Angeles Port Vicinity. This includes approximately 25 mi (46 km) of the
coast from Palos Verdes Point to the Santa Ana River, and involves some of the most intensely gillnetted area off
southern California (Vojkovich et al. 1988). (ii) Point Dume. This includes approximately 5 mi (9 km) of coast
between Point Dume and Malibu Point, and is adjacent to the northern border of the area closed to commercial fish-
ing in Santa Monica Bay. Also, approximately 30 mi (56 km) from the gill net fleet ports of Los Angeles and Ven-
tura, and 16 mi (30 km) from the nearest recreational fleet at Marina Del Rey, this area is assumed to receive consid-
erably less fishing effort than the Los Angeles Port Vicinity. (iii) Channel Islands. Santa Cruz and Santa Rosa Is-
lands are separated from the mainland by about 20 mi (37 km). The baseline catch analysis indicated the halibut
catch here was very different from that from the mainland. Unlike the two coastal mainland areas the catch from
1985 is included in the analysis. For this area only, an asynchrony in the mesh-size comparison exists in which
8-inch mesh was observed from 1985 to 1986, but only 8.5-inch mesh was observed during 1987 to 1988.

RESULTS
Baseline Catch Description
Length Comparisons
A total of 5,648 fish was measured ranging from 9.0 inches (229 mm) to 49.4 inches (1255 mm), and averaging 24.2
inches (615 mm). Annual length-frequency histograms display a primary mode near 24 inches (610 mm; Figure 2).
However, proportions of sublegal fish were significantly different in the 6 years (x2 = 93.2, 5 df, P < 0.0001). High
recruitment of young fish in 1986 resulted in the largest annual sublegal catch proportion of 33%. In the following
year, small, legal-size fish, 22–24.4 inches (559–620mm), constituted 43% of the total catch. Sublegal recruitment
was high again in 1988, constituting 27% of the catch.
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FIGURE 2. Annual length frequencies of halibut caught by 8-inch mesh gill and trammel nets in coastal waters off
the southern California mainland (1983–88)
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A combination of lower recruitment of sublegal and small legal-size fish, and somewhat higher levels of large fish
>34 inches during 1983–85, resulted in halibut catches of larger fish averaging 24.8 inches (630 mm; Table 1). The
annual average size of fish from 1986–88 was 23.4 inches (594 mm). A Kruskal-Wallis test (test statistic, H) of the
null hypothesis that the size of halibut caught was the same in all six years was rejected (H=121.4, 5 df, P < 0.0001).

TABLE 1. Variations in the total lengths of halibut caught by 8- inch mesh gill and trammel nets: A. Annual vari-
ations off the entire southern California mainland coast, 1983–88. B. Areal variations from the southern main-
land (1983–88), northern mainland (1983–86), and Channel Islands (1985–86) areas of southern California.
Length-frequency histograms of the catches show a primary mode between 22 and 26 inches (660 mm) for the

three areas (Figure 3). Proportions of sublegal fish were significantly different by area (X 2=78.6, 2 df, P < 0.0001).
The southern mainland had the highest sublegal component (26.9%), declining to 18% in the northern mainland
area, and to only 9.8% in the Channel Islands area. Nearly 20% by number of the catch at the islands consisted of
large fish > 34 inches compared to a 3 to 4% level along the mainland coast (Table 1). Mean length was lowest for
fish from the southern mainland at 24.0 inches, moderately higher at 24.7 inches (627 mm) for fish from the north-
ern mainland, and considerably larger at 28.3 inches (719 mm) for fish from the Channel
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Islands. A Kruskal-Wallis test of the null hypothesis that the size of halibut in the catches was the same for all three
areas was rejected (H=166.6, 2 df, P < 0.0001).

CPUE Comparisons
A total of 1635 nets with 8-inch mesh was observed along the mainland coast from 1983 to 1988. A trend of in-
creased annual CPUE in total numbers of halibut, salable numbers, and salable weight is observed, with only a slight
drop in the salable CPUE occurring in 1988 (Figure 4). Over 25% of the nets observed from 1983–84 did not catch
halibut. From 1984 to 1987 median CPUE levels increased 72% in total number, 100% in salable number, and 112%
in salable weight. Kruskal-Wallis tests indicated significant differences in total number and salable number (H=45.5,
H=45.9, 5 df, P < 0.0001), and in salable weight (H=38.0; 55 df, P=0.0016) CPUE.

The outcome of the 8-inch mesh baseline CPUE comparisons between areas depended on the CPUE measure
used. Median total CPUE off the southern mainland was 25% higher than the level off the northern mainland and
Channel Islands (Figure 5); the Kruskal-Wallis comparison was significant (H=10.9, 2 df, P= 0.0043). No signific-
ant difference was observed in the salable number CPUE, but in terms of salable weight, the 7.2 lb/100 fm median
CPUE at the Channel Islands was considerably higher than the 4.8 lb/100 fm and 3.8 lb/100 fm levels observed from
the southern and northern mainland areas, respectively. The Kruskal-Wallis test comparing salable weight between
the areas was significant (H=7.7, 2 df, P=0.02). These results are consistent with the areal differences in the lengths
of halibut in the catch. High recruitment along the southern mainland yielded a high total CPUE, and a high propor-
tion of large fish > 34 inches at the Channel Islands yielded a high salable weight CPUE.

Mesh-Size Related Catch Differences
Length Comparisons
Los Angeles Port Vicinity. A total of 913 halibut from 350 nets was measured with 78% of the fish from 8-inch
mesh (Table 2). This was the area of origin of the smallest individuals, with sublegal halibut proportions of over
30% from both 8- and 8.5- inch meshes, not significantly different from each other. Catch proportions for the other
two size groupings were also similar for the two meshes, about two-thirds of the fish in the 22–34 inch range of
mesh selectivity, and less than 2% > 34 inches. The null hypotheses that no differences occurred in the size of
halibut caught by 8- and 8.5-inch mesh nets was accepted for all fish, and for fish within the 22–34 inch size range.

Point Dume. A total of 491 halibut from 126 nets was measured with 63% from 8-inch mesh (Table 2). This area
had intermediate-size fish in the catches. No significant difference occurred in the 19% and 20% proportions of sub-
legals taken by 8- and 8.5-inch mesh, respectively. The proportions of catch in the other two size groupings were
also similar between mesh sizes, just over three-quarters in the 22–34 inch size range, and about 3% > 34 inches.
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FIGURE 3. Length frequencies of halibut catches observed in 8-inch mesh gill and trammel nets from the southern
mainland (1983–88), northern mainland (1983–86), and Channel Islands (1985–86) areas off southern California
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FIGURE 4. Annual CPUE levels in total number, salable number, and salable weight of halibut caught by 8-inch
mesh gill and trammel nets in coastal waters off the southern California mainland (1983–88). Numbers atop salable
CPUE quartile range bars are numbers of nets observed; numbers atop salable weight CPUE quartile range bars

are numbers of nets in which length measurements were taken, or no catch was made
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FIGURE 5. CPUE levels in total number, salable number, and salable weight of halibut caught by 8-inch mesh gill
and trammel nets at the southern mainland (1983–88), northern mainland (1983–86) and Channel Islands

(1985–86) areas off southern California. Numbers atop salable CPUE quartile range bars are numbers of nets ob-
served; numbers atop salable weight CPUE quartile range bars are numbers of nets in which length measurements

were taken, or no catch was made

292



TABLE 2. Length comparisons of halibut catches made by 8- and 8.5-inch mesh gill and trammel nets off three
southern California areas.
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However, unlike the Los Angeles Port Vicinity comparisons, the mean sizes of fish from 8.5-inch mesh nets were
1.3 inches (33 mm) larger for the fish of all sizes, and 1.7 inches (43 mm) larger for the selectivity-influenced 22- to
34-inch size range. Mann-Whitney tests indicated significantly larger halibut were caught by 8.5-inch mesh nets
(Table 2).

Channel Islands. A total of 696 halibut from 225 nets was measured with 62% from 8.5-inch mesh (Table 2).
Halibut from the islands were 4–5 inches (100–125 mm) larger on average than fish from either mainland area, and
the proportion of sublegal fish was much lower. Comparing between mesh sizes, the 2.6% proportion of sublegals in
8.5-inch mesh nets was significantly less (x 2 = , 1 df, P < 0.0001) than the 9.8% from 8-inch mesh nets. Large fish
> 34 inches also occurred in a lower proportion in the 8.5-inch mesh nets. The mean sizes of halibut from 8.5-inch
mesh nets were 0.5 inch (13 mm) larger for fish of all sizes, and 0.8 inch (20 mm) larger for the 22–34 inch size
range, than fish caught by nets constructed of 8-inch mesh. As at Point Dume, Mann-Whitney tests indicated signi-
ficantly larger fish were caught by the larger mesh nets.

CPUE Comparisons
Los Angeles Port Vicinity. For the three areas summarized, lowest CPUE levels occurred here, especially in nets
with 8.5- inch mesh (Figure 6). Within the area, total, salable, and salable weight CPUE levels of 8.5-inch mesh nets
were below the level of 8-inch mesh nets by 36%, 43%, and 40%, repectively; Mann-Whitney tests were significant
for all three comparisons (Tables 3 4 5).

Point Dume. In contrast to the Los Angeles Port Vicinity median levels of total number and salable weight CPUE
were slightly higher in the 8.5-inch mesh nets (Figure 6), but Mann-Whitney tests yielded no significant differences
in the three CPUE measures (Tables 3–5).

Channel Islands. Median levels of total, salable and salable weight CPUE were 25%, 43%, and 25% higher, re-
spectively, in the 8.5-inch mesh nets (Figure 6). Mann-Whitney tests of the null hypotheses of no difference in
CPUE between mesh sizes were rejected for total number and salable number measures, but were accepted for the
salable weight measure (Tables 3–5).

DISCUSSION
Baseline Variation
The six year baseline analysis describes a major change in the availability of halibut to the mainland coastal fisher-
men. Annual size distributions have a persistent primary mode at about 24 inches (Figure 2), probably reflecting the
optimum size selectivity of 8-inch mesh. The catch observed in 1986 included 33% sublegal fish, suggesting a large
cohort that became fully recruited into optimum selectivity during 1987. The size frequency histogram in 1987 is
tightly distributed around the 24-inch mode, and this year fishermen had the highest annual CPUE of the study.
Southern California commercial fishery landings of halibut in the 22- to 24-inch size range were largely composed
of 4- to 6-year-old females during 1985–88 (Pattison and McAllister 1990). This corresponds to year classes
spawned in 1983 and 1982. During these years a pronounced El Niño event of elevated temperatures occurred off
southern
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FIGURE 6. Comparison of CPUE levels of 8- and 8.5-inch mesh gill and trammel nets at Los Angeles Port Vicinity
(1986–88), Point Dume (1986–88), and the Channel Islands (1985–86, 8-inch; 1987–88, 8.5 inch) areas of the

southern California coast. Numbers atop salable CPUE quartile range bars represent numbers of observed nets;
numbers above salable weight CPUE bars are numbers of nets in which length measurements were taken, or no

catch was made
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California (McGowan 1984). Relatively high temperatures enhance juvenile halibut survival (Gadomski and Caddell
1991), perhaps accounting for the surge of recruitment to the fishery in 1986–87.

Although oceanic events may influence widespread interannual variations in the size composition of halibut from
gill net catches, persistent areal differences in the 8-inch mesh baseline catch analysis suggest that size composition
is also strongly influenced on a smaller scale by local habitat. Highest sublegal recruitment occurred off the southern
mainland area (27%), declined to 18% off the northern mainland, and comprised less than 10% of the Channel Is-
lands catch. Shallow embayments are the optimum nursery areas for halibut (Kramer 1990); an absence of appropri-
ate nursery habitat in the northern mainland area and at the Channel Islands may limit recruitment there. Concomit-
ant with a lack of sublegal recruitment at the Channel Islands is a secondary mode of halibut at about 34 inches
(Figure 3), resulting in an average catch length about 4 inches (100 mm) larger than at the mainland. The presence
of very large fish at Santa Cruz and Santa Rosa Islands may be a result of lower fishing pressure or of size-selective
foraging concentrations of larger fish adjacent to market squid, Loligo opalescens, spawning areas at those islands.
Fishermen at Santa Rosa Island commonly set their nets near echo-sounded targets believed to be squid aggrega-
tions, and the retrieved nets frequently have squid egg casings attached to or entangled in the netting.

Allocation-Conflict Mitigation
In attempting to mitigate the allocation conflict between recreational and commercial fisheries by a legislated mesh-
size increase, three objectives were considered: (i) increasing the size of halibut caught in the gill and trammel net
catches; and thus, (ii) increasing the number of small, legal-size halibut available to anglers; but at the same time
(iii) maintaining the total weight of halibut landings of the gill and trammel net fishery. The evidence for achieving
these three objectives is discussed in this section.

Increased Size
For halibut in the 22 to 34-inch size range, fish caught by nets with 8.5-inch mesh averaged 0.2 to 1.8 inches (0.5 to
46 mm) larger than those in the 8-inch mesh nets for the three areas tested (Table 2). At Point Dume and the Chan-
nel Islands the size differences were significant, and the objective of increasing the size of halibut caught was
achieved. However, the average size of halibut caught in the Los Angeles Port Vicinity is the smallest of the three
observation areas, with the size of fish in the catch essentially unaffected by the mesh size used in the nets. The high
fishing effort in this area may be responsible for the absence of this shift to larger fish. Halibut recruit to the size-
selectivity range of the 8-inch mesh before they grow large enough to become optimally selected by the larger
8.5-inch mesh. Under simultaneous intensive fishing pressure by both mesh sizes, the smaller mesh may outcompete
the larger mesh, hence the absence of a size shift and the reduced CPUE in the 8.5-inch mesh.

In the absence of 8-inch mesh, what amount of a size shift in the halibut catch can be expected from conversion to
8.5-inch mesh gill nets? At Point Dume the halibut from 8.5-inch mesh nets averaged 25.4 inches (645 mm; Table
2), a
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difference of +1.3 inches (33 mm) from the 8-inch mesh catch. The difference at the Channel Islands was only +0.5
inches (13 mm), but this may have been due to high availability of large (>34 inch) halibut taken by the 8-inch mesh
nets in 1985–86 prior to the use of the 8.5-inch mesh (Figure 7). The halibut length frequency histograms from the
Channel Islands show a +1.2-inch (30-mm) shift in the modal length of the catch following the implementation of
8.5-inch mesh. The 1.2- and 1.3-inch observed increases in length are probably a reasonable approximation to the
change that can be expected in the average size of halibut from southern California gill net landings south of Point
Dume after the 15 August 1989 conversion to 8.5-inch mesh statewide.

As a corollary to increased average size, it might be expected that the larger mesh would also catch a lower pro-
portion of sublegal halibut. Comparisons at the three locations do not support that expectation. At the Los Angeles
Port Vicinity and Point Dume areas, sublegal proportions from 8.5-inch mesh nets were somewhat, but nonsignific-
antly, higher. A significantly lower catch proportion of sublegals did occur in 8.5-inch mesh at the Channel Islands
area, but this may have resulted from the sampling asynchrony, rather than mesh-size selectivity, caused by higher
availability of sublegal fish during the 1985–86 period of 8-inch mesh use. Sublegal halibut may be too small to be
influenced by the size-selectivity properties of either 8- or 8.5-inch mesh, with resultant catches due to random en-
tanglements independent of mesh size. The slackness of netting material may more directly determine sublegal cap-
ture levels. The sublegal catch of halibut in gill and trammel nets will not be significantly altered by converting to
the 8.5-inch minimum mesh size.

Increased Availability to the Angler
Total CPUE changes in the gill and trammel net fishery are assumed to be inversely proportional to the number of
halibut available to the angler. At constant effort, a reduction in the CPUE of the nets presumably affords the angler
increased opportunities to catch the fish not harvested by the nets. The changes in both total CPUE and salable
CPUE have a similar area- related pattern (Tables 3, 4).

The objective of increased numbers of halibut available to anglers (i.e. reduced CPUE in 8.5-inch mesh nets) has
not occurred at Point Dume (CPUE unchanged), and availability of halibut to the anglers may be reduced (i.e. signi-
ficantly higher CPUE in 8.5-inch mesh nets) at the Channel Islands.

At the Los Angeles Port vicinity area significantly lower total and salable CPUE levels occur in the 8.5-inch mesh
nets, and the objective of increased availability of halibut to the angler could be argued. However, unlike Point
Dume and the Channel Islands area, the initial objective of an increase in the size of halibut in the catch from
8.5-inch mesh nets has not occurred. As described above, in the absence of this size shift, I think reduced CPUE in
8.5-inch mesh nets is more likely due to competition with the 8-inch mesh nets in the intensely fished Los Angeles
area, rather than an accomplishment of the increased availability objective.
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FIGURE 7. Comparison of length frequencies of halibut caught by 8-inch and 8.5-inch mesh gill and trammel nets
at the Channel Islands. Catches were made in the 8-inch mesh during 1985–86 and in the 8.5-inch mesh during

1987–88
Although admittedly confusing variation by area occurs in the changes to total and salable number CPUE associ-

ated with gill net mesh-size comparisons, as an overall interpretation no change in CPUE numbers is likely. As a
result, no change in the availability of numbers of halibut to the angler is predicted to occur as a result of the 15 Au-
gust 1989 statewide conversion to 8.5-in mesh.
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TABLE 3. Comparisons of median total CPUE (halibut/100 fm of net) caught by 8- and 8.5-inch mesh gill and
trammel nets at the Los Angeles Port Vicinity (1986–88), Point Dume (1986–88), and Channel Islands (1985–86,

8-inch; 1987–88, 8.5-inch) areas of southern California.

TABLE 4. Comparisons of median salable CPUE (halibut/100 fm of net) caught by 8- and 8.5-inch mesh gill and
trammel nets at the Los Angeles Port Vicinity (1986–88), Point Dume (1986–88), and Channel Islands (1985–86,

8-inch; 1987–88, 8.5-inch) areas of southern California.

Maintenance of Gill and Trammel Net Catches
Fish and Game Code Section 8626 empowers the CDFG director to reduce the minimum mesh size to 8 inches south
of the Los Angeles-Ventura county line if it is determined that following a one year period (1 September 1989 to 31
August 1990), commercial halibut landings have declined 10% from the previous year as a direct result of the
8.5-inch mesh requirement. Is their evidence that such a decline is likely?

Salable weight CPUE, the most correlative CPUE indicator of commercial landings, varied regionally (Table 5).
As with the other CPUE measures, salable weight from 8.5-inch mesh nets was significantly lower than that in
8-inch mesh at the Los Angeles Port Vicinity, perhaps as a result of the lower availability of large fish in this area.
At Point Dume and the Channel Islands median salable weight CPUE was 20% higher in the 8.5-inch mesh, but was
not significantly different from the CPUE of 8-inch mesh.

With the possible exception of areas of very high angling intensities, salable weight CPUE (and landings) of
8.5-inch mesh gill and trammel nets may be equal to or slightly higher at equilibrium than in a fishery based on
8-inch mesh. However, a period of adjustment may take place in the heavily fished Los Angeles Port Vicinity, and
possibly other populous areas of southern California. As the size structure of the available population responds to
the phasing out of the 8-inch mesh nets, a preliminary decline in landings may be expected until
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TABLE 5. Comparisons of median salable weight CPUE (pounds of halibut/100 fm of net) caught by 8-inch and
8.5-inch gill and trammel nets at the Los Angeles Port Vicinity (1986–88), Point Dume (1986–88), and Channel

Islands (1985–86, 8-inch; 1987–88, 8.5-inch) areas of southern California.
fish grow into the approximately +1.2-inch shift of the optimum size selectivity of 8.5-inch mesh. A simultaneous
environmentally induced decrease in the recruitment of young, legal fish could exacerbate this decline in landings.
On the other hand, high recruitment during that year would mask over even a preliminary decline in landings. From
1983 to 1988, annual variations in the median salable weight CPUE of 8-inch mesh nets was +61% to -22% (Figure
4). Considering the magnitude of this variation, it may be difficult to statistically demonstrate that a 10% decline in
landings was a direct result of the conversion to 8.5-inch mesh.
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ABSTRACT
California halibut, Paralichthys californicus, were sampled from 1983 to 1988 for length and sex; otoliths were col-
lected from 1985 to 1988. Age composition was dominated by three age groups (5-, 6-, and 7-year olds) during three
of the 4 years sampled. Median size ranged from 588 mm total length in 1983 to 647 mm in 1988. Larger fish were
taken by gill nets than by trawls, while inshore-caught halibut were smaller than those taken offshore. Females out-
numbered males by a 4.3:1 ratio; this ratio was higher inshore than offshore.

INTRODUCTION
The California halibut, Paralichthys californicus, is a popular sport and commercial species in southern and central
California. Annual commercial landings of halibut have averaged over 1 million pounds over the past 8 years.
Halibut has been the focus of numerous scientific studies by the California Department of Fish and Game (CDFG).
Clark (1930) published one of the earliest papers on this species dealing with catch rates of commercial fishing
boats. Holmberg (1949) and Frey (1971) presented historical overviews of the commercial fishery while Young
(1969) reviewed the recreational partyboat fishery. Haaker (1975) described the life history of halibut in Anaheim
Bay, and Pattison and McAllister (1990) studied the length at age of halibut from central and southern California.
Schott (1975) and Karpov (1981) reported on the effectiveness of gear changes in the commercial fisheries.

Data such as size, age, and sex composition of the commercial catch have not been compiled, and such informa-
tion is essential in formulating and designing population models needed in making management decisions. This
study was initiated to collect such data and to determine if there were significant differences in size, age, and sex
compositions by geographical areas, by offshore and inshore areas, by gear type, and between years.
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METHODS
Beginning in 1983, a sampling program was initiated to collect data on size, age, and sex composition of halibut
taken by commercial fishermen and landed at four main ports in southern California: Santa Barbara, Ventura, San
Pedro, and San Diego (Figure 1). Samples were taken daily from landings at certain fish processors. Halibut were
selected randomly from holding bins and a maximum of 40 fish were sexed and measured to nearest millimeter total
length. The percentage of landings sampled from each port averaged above 5%. Other data, including catch location
and gear type, were collected by reviewing fish landing receipts and fishermen's logs. Fishing gears used were gill
nets with mesh sizes ranging from 8 inches (203 mm) to 8.5 inches (216 mm) and trawl nets with a minimum mesh
size of 7.5 inches (190 mm) at the cod end, used primarily in the Santa Barbara Channel.

Otoliths were extracted by cutting through the otic capsule just behind the operculum and removing the sagittal
otoliths. Otoliths of fish less than 750 mm were surface aged, while those from fish greater than 750 mm were
broken or cut and burned with an alcohol flame, using methods described by Chilton and Beamish (1982). Otoliths
were viewed under a stereo microscope with reflected fiber optic lighting.

For aging purposes, otoliths were collected beginning in 1985 from the Santa Barbara-Ventura and San Diego
areas and from San Pedro beginning in 1986. Additional otoliths were extracted from subadult fish taken by trawl
gear during research cruises conducted by the F/V KAREN MARIE in 1985. These data were used for calculating
length at age. Age data from all years were pooled by area due to insufficient data during certain years, and Santa
Barbara and Ventura were combined as one port for analysis purposes. Length at age was determined by using the
Von Bertalanffy growth equation.

Length data were compiled on an annual basis and combined for all ports. Length data were also compiled by
gear type, and by inshore and offshore areas. Inshore and offshore areas were selected by designating all Fish and
Game block areas (10 min of latitude by 10 min of longitude) adjacent to the coast as inshore areas and all blocks
beyond the coastline as offshore areas (Figure 1).

Median lengths of length distributions were calculated as well as mean lengths because of the skewed nature of
the distributions. Chi-square tests were conducted on length frequencies and age distributions to test homogeneity of
the data, using methods described in Sokal and Rohlf (1969).

Sex was determined by visually examining gonads. Sex ratios were developed for fish captured in offshore and
inshore areas, taken by gill net and trawl net, and landed by port complex.

RESULTS
Age Composition of Catch
Aging was done using 1334 pairs of otoliths. of this total, 193 pairs were from males, 994 from females, and 147
from fish of unknown sex. Three age groups (5-, 6-, and 7-year olds) dominated the sampled catch in three of the 4
years
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FIGURE 1. Major ports of southern California and major inshore and offshore fishing areas for California halibut
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(Figure 2). The 4-year average indicates that ages 5, 6, and 7 comprised nearly 80% of the catch, while fish 8 years
and older averaged 18% over the same period (Figure 3). The major age group for all 4 years was the 6-year olds,
which increased from 28% in 1985 to 35% in 1988 (Table 1). Fish 8 years and older increased from 12% in 1985 to
22% in 1987, but declined to 12% by 1988.

TABLE 1. Age composition of California halibut by year from the southern California commercial fishery land-
ings, 1985–88.

A chi-square test was used to compare for homogeneity of the age distribution between all four years and the dis-
tributions were significantly different (X2 = 10.51 to 24.61, 4 df, P > .05). The differences were due primarily to
changes in the younger and older age groups between years.

Geographically, the same three age groups (5-, 6-, and 7-year olds) comprised a major portion of the samples in
all three areas. A chi-square test for homogeneity of age groups between areas resulted in a significant difference
(X2 = 43.8, 6 df, P < .05). The San Diego area included more older and larger fish (fish 8 years and older totaled
25% of samples); conversely, younger fish (5 years and younger) were more abundant in the Santa Barbara-Ventura
area (Figure 4).

The most abundant age group for both male and female halibut was the 6-year olds, which numbered 34% in both
sexes (Figure 5). Males 8 years and older were more abundant in terms of relative percentage (27% to 17%), while
females 5 years old and younger occurred in nearly three times the relative percentages of males (21% to 8%). More
age groups were present among females (13 age groups) than males (8 age groups; Figure 5).

Length at Age
Halibut length-at-age results indicated that there were significant differences in size between sexes. Males averaged
244 mm at age 1; the oldest male aged at 12 years was 963 mm. The smallest female aged was 1 year with a length
of 274 mm and the largest was 15 years, totaling 1103 mm (Table 2). A growth
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FIGURE 2. Age composition of California halibut by year from southern California commercial landings, 1985–88
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FIGURE 3. Age composition of California halibut from southern California commercial landings, 1985–88
curve based on the Von Bertalanffy growth equation resulted in a maximum length of 1445 mm for females, and

909 mm for males (R.D. McAllister, CDFG, pers. comm.). Current gear regulations restrict the taking of halibut to a
size greater than 22 inches (559 mm). Based on the growth curve and calculations (R.D. McAllister, pers. comm.),
female halibut become fully recruited into the fishery at age 6 with an average length of 618 mm; the males also be-
come available to the fishery at age 6, averaging 576 mm.

Size Composition of Catch
Lengths from 20,643 halibut sampled ranged from 500 mm to over 1200 mm. The combined size distribution of all
halibut sampled indicated that two modes near 560 mm and 620 mm, were present in both 1983 and 1984 (Figure 6).
However, from 1985 to 1988, only one major mode between 600 mm to 650 mm was apparent. The median size of
halibut increased each year from 1983 at 588 mm to 651 mm in 1987. In 1988, the median length declined slightly
to 647 mm.

Size frequencies and a comparison of median lengths of trawl- and gill net-caught fish demonstrated gear selectiv-
ity, as larger fish were taken by gill nets (Figure 7). The length-frequency distributions of trawl- and gill-net-caught
halibut were statistically different, although median lengths of each increased over time.
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FIGURE 4. Age composition of California halibut by area from southern California commercial landings
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FIGURE 5. Age composition of California halibut by sex from southern California commercial landings
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TABLE 2. Measured and calculated mean total length at age of California halibut sampled in southern Califor-
nia. Calculated means from R.D. McAllister, California Department Fish and Game, per. comm.

Annual size compositions of female halibut exhibited a pronounced mode between 600 and 650 mm, while male
halibut size distributions were characterized by a major mode near 600 mm. Median lengths of females ranged from
635 mm in 1986 to 652 mm in 1987, while male median lengths fluctuated between 607 mm in 1986 and 635 mm in
1985 (Figure 8).

Inshore-caught halibut were much smaller than fish from offshore areas (Figure 9). Median sizes of offshore-
caught fish during 1984 were as much as 129 mm larger than the inshore-caught fish. The size distributions were
significantly different (X2 = 525, df = 9, P < .001).

Sex Ratio of Catch
A total of 10,333 female and 2411 male halibut was sampled in southern California, resulting in a ratio of 4.3 fe-
males to 1 male. Sex ratios have increased every year from a 2.3 female to male ratio in 1985 to 5.4:1 by 1988
(Figure 10). Both trawls and gill nets have taken a disproportionate number of females. Gill nets captured females in
the ratio of 2.4 per male in 1985, increasing to 5.5 females per male in 1988 (Figure 11). Trawl gear likewise took
more females with ratios of 1.2 females per male in 1985 to 3.6 females per male by 1988.

Sex ratios of halibut for inshore areas greatly favored females as compared to offshore areas. Inshore areas had
sex ratios ranging from 4.5 to 5.2 females per male whereas offshore areas had female to male ratios of nearly 1:1 in
1985 and 1987 (Figure 12).
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FIGURE 6. Length frequencies of California halibut of both sexes from southern California commercial landings,
1983–88

The San Pedro area had female to male ratios ranging from 2.5:1 to 4.7:1, and overall there was a trend towards a
higher ratio each year. The Ventura-Santa Barbara complex likewise had more females than males, with ratios ran-
ging from 1.9:1 to 5.5:1 (Figure 13). The San Diego area had the highest female to male ratio for areas with a 10.6:1
value in 1987.
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FIGURE 7. Median lengths of California halibut by gear type from southern California commercial landings,
1983–88

FIGURE 8. Median lengths of California halibut by sex from southern California commercial landings, 1985–88
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FIGURE 9. Median lengths of California halibut taken from inshore and offshore areas from southern California
commercial landings, 1984–88

FIGURE 10. Sex ratios of California halibut from southern California commercial landings, 1985–88
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FIGURE 11. Sex ratios of California halibut by gear type from southern California commercial landings, 1985–88

FIGURE 12. Sex ratios of California halibut by area from southern California commercial landings, 1985–88
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FIGURE 13. Sex ratios of California halibut by port from southern California commercial landings, 1985–88

DISCUSSION
Results of this study indicate the commercial harvest of halibut is dominated by at least two age groups (6- and
7-year- old fish), which contributed over 63% of the sampled catch during the 4-year period. The fish first appeared
in the fishery at age 3 and were not fully recruited until age 6. Because of gear regulations on mesh size, fish less
than 22 inches (559 mm) were infrequently landed. Fish 9 years and older were few in number (7%) during all the
years sampled. Females occurred in increased proportions among older age groups, which was the case with other
species such as northern anchovy, Engraulis mordax, (Sunada 1977) and summer flounder, Paralichthys dentatus,
(Smith and Daiber 1977). Also, certain gear restrictions may limit the number of males in the landings because of
their smaller length at age.

Annual length frequencies displayed pronounced modes near 650 mm in recent years and numbers of fish greater
than 800 mm declined during the same period. These conditions indicate that the resource is being intensely harves-
ted near the minimum legal size, while older, larger fish were unavailable to the fishery as they either moved off-
shore or were fished out. Length data revealed that median lengths of halibut from offshore areas were larger than
those from inshore areas, indicating an offshore movement by larger fish, increased concentrations of smaller fish in
the inshore areas, or a combination of both. Love (1982) and Innis (1982) both commented that subadult fish prefer
nearshore areas, while Sunada (1985) and Wallace (1990) observed a greater abundance of large fish in offshore
areas. Other species such as Greenland halibut, Reinhardtius hippoglossoides, have demonstrated this tendency to
move to deeper waters as they mature (Alton et al. 1988).
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Sex ratios demonstrated significant bias for females; they were never the expected 1:1 ratio. Females were more
abundant in inshore areas (4.8:1 female:male ratio) than offshore areas (2:1). A potential explanation for this sex se-
gregation could be spawning behavior. Clark (1931) mentioned that during April through May, halibut move inshore
to spawn. The inshore habitat provides a better environment for females of species such as English sole, Parophrys
vetulus, to spawn, as was noted by Becker (1988).

Another possibility for the high proportion of females in the catch could be related to gear vulnerability. During
the sampled years, gill nets have been the main gear type in use, with sizeable gill net fishing occurring in nearshore
areas. Since females are much larger than males at the same age and occur in greater numbers than males in
nearshore areas, females are more vulnerable to this gill net fishery. Trawl nets captured relatively fewer females
than did gill nets. Fishing by trawl gear is restricted to offshore areas during the spawning season and reflects the
lower female:male ratios found offshore. Also females are larger than males at the same age and may be more cap-
able of escaping a trawl net.

Another explanation for female dominance in the fishery samples could be sampling bias. Klingbeil (1978) work-
ing with northern anchovies documented that samplers had a tendency to select larger fish.

There is the possibility of increased mortality among males of older ages. This has been shown for several pleur-
onectid flatfishes (Rae 1965; Kovtsova 1982). Haaker (1975) reported that sex ratios of halibut were strongly
skewed toward males at smaller sizes, but male dominance decreased rapidly with increasing length, and by 150
mm, ratios were 1:1. This indicates that males are found in equal numbers to females at sizes less than 350 mm.
Beyond this size, females predominate. The available data indicate that a female dominant sex ratio exists, and if the
highly disproportionate sex ratio is the normal or natural ratio, one need not be alarmed by these figures. Con-
versely, if the female dominant sex ratio is abnormal and the fishery is harvesting excessively high numbers of fe-
males, serious consequences could arise if this practice continues. Population modelers need to be aware of the an-
omaly and understand its significance.
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THE CENTRAL CALIFORNIA EXPERIENCE: A CASE HISTORY OF
CALIFORNIA HALIBUT SET NET LAWS AND REGULATIONS

PAUL W. WILD
Marine Resources Division

California Department of Fish and Game
2201 Garden Road

Monterey, CA 93940

ABSTRACT
Laws and regulations for California halibut, Paralichthys californicus, set net fishing in central California changed
rapidly in the 1980s. These changes resulted from concerns about impacts of set net fisheries upon seabirds, marine
mammals, and other nontarget species taken in the nets. Events, actions, and the resultant changes in laws and regu-
lations during 1980–89 are reviewed chronologically. Effectiveness of the changes and continuing actions are dis-
cussed.

INTRODUCTION
In central California, from the late 1970s to 1990, the gill and trammel set net fishery for California halibut, Para-
lichthys californicus, and the laws regulating this fishery underwent rapid and dramatic changes. During this period,
at least 21 state legislative bills were enacted regulating gill and trammel net fishing in California; 12 of these af-
fected halibut set net fishing in central California. This case history reviews events leading to and resulting from
these changes, actions taken in response to the events, and the resulting changes in laws and regulations.

Events affecting the halibut set net fishery were closely interwoven with those affecting the white croaker,
Genyonemus lineatus, set net fishery in central California. Thus, information for the latter fishery is included where
appropriate.

The Area
The ocean area focused upon in this report extends from Yankee Point on the south to the Sonoma-Mendocino
County line (Figure 1), north of which set net fishing has not been allowed in California since at least 1915. Within
the focal area, set net boats have operated from ports at Bodega Bay, Bolinas Bay, San Francisco Bay, Half Moon
Bay, and Monterey Bay. This area includes state Fish and Game Districts 10, 15, 16, and 17. (In 1988, District 15
was eliminated and this area was incorporated into District 17.)
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FIGURE 1. Focal area of halibut set net regulation changes

The Set Net Fishery
Three types of set nets are fished for halibut. These are conventional gill nets, suspendered gill nets, and trammel
nets.

Conventional gill nets and suspendered gill nets are constructed of a single wall of webbing. Suspendered gill nets
have lines (suspenders) from the float line to the lead line at about 6- to 10-ft (1.8- to 3.0-m) intervals along the net,
causing slack in the webbing.
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Traditional trammel nets have two or three walls of webbing between the float line and lead line. One wall (the
middle one in three-wall nets) is very slack and the other wall(s) is (are) taut. The mesh of the taut walls usually is
three to four times larger than that of the slack wall. Suspendered gill nets are considered trammel nets in the Cali-
fornia Fish and Game Code. Since 15 August 1989, all trammel nets in California must have 8.5-inch (21.6 cm)
mesh (stretched-mesh measurement) or larger. Prior to this, minimum mesh size for trammel nets was 8 inches (20.3
cm).

Halibut set nets typically are 10 to 12 ft (3.0 to 3.7 m) high and 100 to 300 fm (1 fm = 6 ft [1.8 m]) long. They
usually are fished overnight, pulled, and reset, although, at times, sets are for 2 or more days. One to several nets are
fished at a time. In central California, halibut set nets have been observed to catch a variety of fishes, invertebrates,
seabirds, and marine mammals.

Croaker gill net mesh ranges from 2 to 3 inches (5.1 to 7.6 cm). Croaker nets generally are much longer than
halibut nets (500–1500 fm), but usually are fished only one net at a time and for shorter periods (a few hours versus
24–48 h for halibut nets). Croaker nets catch primarily white croakers as well as many other species caught in
halibut nets, but rarely have been observed to catch marine mammals.

Regulations for set net fishing for halibut in the focal area in 1980 included the following:
·

 1. Set net fishing was allowed in Fish and Game Districts 10, 16, and 17. Trammel nets were not allowed in 
District 16, and only trammel nets were allowed north of Point Reyes in District 10.

 
2. No set net fishing was allowed in District 15.

 
3. The minimum commercial size limit for halibut was 22 inches (55.9 cm), or by weight, 4 lb (1 lb = 0.45 kg) in the 
round, 3 ½ lb dressed with the head on, or 3 lb dressed with the head off. Each fisherman was allowed up to 30 lb of 
sublegal halibut per day for personal use.

 
4. Species not allowed to be possessed by gill and trammel net fishermen included salmon, Oncorhynchus spp.; 
sturgeon, Acipenser spp.; striped bass, Morone saxatilis; seabirds; and marine mammals.

 
   Beginning in 1981, Senate Bill (SB) 2564 (Statutes 1980, Chapter 886) required commercial gill and trammel net
fishermen to obtain a permit from the California Department of Fish and Game (CDFG) to use gill and trammel nets
and to maintain and submit to the CDFG a log of fishing activities.

THE ONSET OF CONCERNS AND CONFLICTS
During the late 1970s and early 1980s, several concerns developed over impacts of set net fishing in central Califor-
nia. Initially, these concerns focused upon accidental catches of seabirds and marine mammals and, eventually, in-
cluded the take of other nontarget species such as salmon, sturgeon, and striped bass. Major factors in the develop-
ment of these concerns included i) increasing public access to and use of the the coast, accompanied by increased
environmental awareness; ii) increases in set net fishing effort; and iii) increases in seabird and marine mammal
populations.

Diamond and Vojkovich (1990) calculated estimates of set net fishing effort for halibut fisheries during 1980–86.
Fluctuations in set net fishing effort are reflected in halibut and croaker landings (Figure 2). Dramatic increases in
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croaker landings in the 1980s were almost entirely due to new gill net fisheries which developed in some of the
same areas that were being fished for halibut.

FIGURE 2. Commercial fishery landings of halibut and croaker by all gear types for Monterey Bay and Half Moon
Bay-Bodega Bay areas, 1968–89
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Among concerns over set net fisheries, the catch of seabirds, especially common murres, Uria aalge, became a
major problem in central California in the 1980s. Prior to the mid-1800s, up to 400,000 common murres may have
bred on the Farallon Islands (Ainley and Lewis 1974). A severe decline in murre numbers at the islands began in the
mid-1800s and continued until the late 1960s. This was due to intense commercial murre egg gathering to feed a
booming San Francisco gold rush market in the mid-1800s, oil flushed from ships' bilges outside the Golden Gate in
murre feeding areas in the early 1900s, later larger oil spills, and a strong El Niño Southern Oscillation (ENSO) dur-
ing 1957–59. In 1959, the murre population on the south Farallon Islands was estimated at only 6000 (Ainley and
Lewis 1974).

In 1969, the U.S. Fish and Wildlife Service expanded the Farallon National Wildlife Refuge (established in 1909)
to include Southeast Farallon Island and nearby islets. With this added protection from human disturbance and a
period of favorable environmental conditions, a dramatic recovery of murres occurred. By 1982, the Farallon Islands
population was estimated at 153,560 breeding common murres (Takekawa et al. 1990). However, following intens-
ive set net fishing effort in the early to mid-1980s, a strong ENSO in 1982–83, and oil spills in the Gulf of the Faral-
lons in 1984 and 1986, murre numbers declined sharply (Takekawa et al. 1990). In 1989, breeding murres at the is-
lands were estimated at 68, 168 (Carter et al. 1990).

By the early 1980s, several marine mammal populations in California were increasing (Bonnell et. al 1983; D.A.
Hanan, CDFG, pers. comm.). By 1982, the California sea lion, Zalophus californianus, population was approaching
an estimated 80,000 animals. Harbor seals, Phoca vitulina, were estimated at about 17,000 with substantial numbers
in central California. About 4000 northern elephant seals, Mirounga angirostris, occupied rookeries in central Cali-
fornia and the population was increasing rapidly (B.L. Le Boeuf, Univ. Calif. Santa Cruz, pers. comm.). Harbor por-
poise, Phocoena phocoena, were estimated at about 10,000, most of which were in central and northern California
(D.A. Hanan, pers. comm.). Sea otters, Enhydra lutris, though still probably below 2000 in number, had extended
their range northward along the length of Monterey Bay (Riedman 1989). The federal government, under provisions
of the Endangered Species Act of 1977, placed sea otters in California on a list of threatened species for which no
take is allowed. Thus, any accidental take of sea otters in set nets is a serious concern.

Observations by the CDFG and others of set net fishing activities in central California have documented the take
of various nontarget species in the nets (Table 1).

Against this background and mounting concerns about effects of set net fishing, a scenario of events and actions
developed which resulted in numerous changes in set net laws and regulations that were designed to protect some
marine populations while attempting to provide a reasonable harvest of commercially-sought species.

325



TABLE 1. Number of set nets observed and number of seabirds, marine mammals, and selected fishes observed
taken in the Monterey to Bodega Bay area, 1980–89.
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CHRONOLOGY OF EVENTS, ACTIONS, AND CHANGES IN LAWS AND
REGULATIONS
1980
In 1980, halibut landings in Monterey Bay were the highest since 1968 (Figure 2). Halibut set net fishing effort that
year was higher than for several subsequent years (Diamond and Vojkovich 1990). Croaker landings increased dra-
matically in 1980 (Figure 2), due primarily to substantial increases in set net fishing for croakers.

During 1980, the CDFG received reports of larger than usual numbers of dead seabirds washing ashore on
Monterey Bay beaches. Concerns also were raised about occasional dead marine mammals on the beaches, some of
which were found with set net webbing entangled about their heads and necks (J.A. Ames, CDFG, pers. comm.).

In response to these concerns, in June 1980, CDFG researchers studying fishery-marine mammal interactions
began at-sea observations of set net fishing from a skiff maneuvered close to fishing boats as the nets were being re-
trieved. These observations documented the take of seabirds and other species of concern in set nets in Monterey
Bay (Table 1). In October 1980, the CDFG began making bi-weekly counts of dead seabirds and marine mammals
on eight 1-mile (1.6 km) sections of Monterey Bay beaches; these counts were made through August 1981.

1981
Halibut fishing effort and landings were down from 1981 (Diamond and Vojkovich 1990) (Figure 2) while croaker
landings remained high.

At-sea observations of set net fishing in 1981 were conducted by students from Moss Landing Marine Laborator-
ies (MLML). Seabird mortality in observed nets was very high (Table 1). Included were common murres; sooty
shearwaters, Puffinus griseus; cormorants, Phalacrocorax spp.; pigeon guillemots, Cepphus columba; grebes
(Podicipedidae); and loons, Gavia spp. Murres, cormorants, and shearwaters comprised 98% of the total.

Nearly 3800 dead diving seabirds were counted on beaches during October 1980 through August 1981; 42% were
common murres and 39% were sooty shearwaters. The remainder included all of the species seen in set nets plus a
few others such as gulls, auklets, etc. Seabird mortality on beaches and in set nets was highest during the months of
July and August when halibut set net fishing and seabird abundance peak in nearshore waters. An estimated 20,000
seabirds drowned in set nets during a 14-month period from June 1980 through August 1981 (MRR and MRB Staff,
1981).

A few marine mammals were observed drowned in halibut nets in both 1980 and 1981 (Table 1). Dead marine
mammals on beaches during the 14 months of observations included 19 sea lions, 3 harbor propoise, 6 harbor seals,
and 6 sea otters.

In response to these problems, SB 1475 (Statutes 1981, Chapter 316) was enacted and took effect on 28 June
1982. This legislation closed Monterey Bay to set net fishing in waters 10 fm (18.3 m) or less in depth, gave the CD-
FG
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director emergency power to prohibit set net use in Districts 10 and 17 for specified periods to protect seabirds and
marine mammals, and closed District 16 to the use of gill nets.

1982
Set net fishing effort and landings for halibut and croaker in Monterey Bay were down from 1980 and 1981
(Diamond and Vojkovich 1990; Figure 2), presumably due, in part, to the 10-fm closure to set nets beginning in
June 1982.

At-sea observations of set net fishing in Monterey Bay were continued during 1982 by MLML students from a
skiff maneuvered near fishing boats. Observed seabird mortality was lower than in the previous 2 years (Table 1).
Murre mortality remained high with cormorants and pigeon guillemots comprising most of the remainder. Among
observed marine mammals were three sea otters, the first recorded drownings of this species in California's set net
fisheries. All were taken in June before the 10-fm closure took effect.

In the area from Half Moon Bay to Bodega Bay, halibut set net fishing effort and landings were increasing
(Diamond and Vojkovich 1990; Figure 2). In addition, croaker set net fisheries began in 1982 near Half Moon and
Bolinas Bays (Figure 2). In June, the CDFG received reports of large numbers of dead seabirds washing ashore on
beaches north of San Francisco.

On 28 June 1982, the CDFG held a public hearing at Point Reyes Station to take testimony on the problem of
seabirds and marine mammals drowning in set nets. On 9 July, the CDFG director closed nearshore ocean waters
less than 10 fm to the use of gill and trammel nets from Point Reyes to Point Bonita until 1 September 1982.

In July, large numbers of seabirds began washing ashore on beaches south of Half Moon Bay. The CDFG sur-
veyed 3.25 miles (5.2 km) of coast in this area and counted 659 dead seabirds. Approximately 90% were common
murres; one was entangled with several meshes of halibut set net webbing.

The CDFG held another public hearing at Half Moon Bay on 10 August. Following the hearing, the CDFG direct-
or closed nearshore ocean waters less than 10 fm to the use of gill and trammel nets from Point Reyes to Pigeon
Point from 10 August until 1 October 1982.

In response to mounting concerns about effects of set net fisheries, in late 1982, the CDFG established the Central
California Gill and Trammel Net Investigations project to conduct a comprehensive program of observations of set
net fishing activities throughout central California. In addition, legislation initiated in 1982 provided further protec-
tions for resources affected by set net fishing. Assembly Bill (AB) 2580 (Statutes 1982, Chapter 1477), authorized
the CDFG director to restrict construction and use of set nets if a fishery resource was being adversely affected. It
became effective 1 January 1983. Assembly Bill 153 (Statutes 1983, Chapter 131), authorized the CDFG director to
restrict method of use, materials, and construction of set nets for periods up to 180 days to protect seabirds and mar-
ine mammals. It became effective 27 June, 1983.

1983
Set net fishing effort and landings for both halibut and croaker were very low in Monterey Bay in 1983 (Diamond
and Vojkovich 1990; Figure 2), presumably due, in part, to the 10-fm closure in effect since June 1982. However, in
the Half
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Moon Bay to Bodega Bay area, halibut set net effort and landings increased substantially and croaker landings re-
mained high (Diamond and Vojkovich 1990; Figure 2).

The CDFG's new gill and trammel net project began conducting observations in April 1983 when the halibut fish-
ing season was getting underway. Observations were continued from a skiff in Monterey Bay but were conducted
aboard set net fishing boats from Half Moon Bay to Bodega Bay. Overall, observations of set nets increased sub-
stantially that year (Table 1).

Observed seabird mortality in set nets was low in the Monterey Bay area. Most of the observed mortality was in
the Half Moon Bay to Bodega Bay area. Two periods of high mortality occurred, one in late May and one in late Ju-
ly to early August. Murre mortality was especially high. The total estimated seabird mortality in set nets throughout
the area in 1983 was 30,000 (Staff, Mar. Resour. Div. 1987). Overall, the level of mortality was of serious concern,
but especially for local populations of common murres.

The overall rate of observed marine mammal mortality did not increase over previous years, but the harbor por-
poise take was of additional concern (Table 1). Most of the porpoise (4) and harbor seals (12) were taken in the Half
Moon Bay to Bodega Bay area; an otter was taken in Monterey Bay. Most of the harbor seals were young of the
year, about 40 to 60 lb (18 to 27 kg) in weight.

The CDFG held two public hearings in 1983 to review concerns about impacts of set net fisheries. The first was
held in San Francisco on 1 June. The CDFG concluded that no emergency action was justified at that time. The
second was held in San Rafael on 5 August. The CDFG director closed the nearshore ocean area from Pigeon Point
to Point Reyes to gill and trammel net fishing from 15 August through 16 October. The closures ranged in depth
from 10 to 15 fm (27.4 m). The area from Half Moon Bay to just north of Point San Pedro, where observed seabird
mortality was the highest, was closed in 15 fm or less.

In late 1983, the CDFG held a series of meetings with set net fishermen, representatives of federal agencies re-
sponsible for seabirds and marine mammals, and private conservation and preservation organizations to seek per-
manent solutions to set net caused mortality of seabirds and marine mammals. Concerns also were raised about ef-
fects of set nets on salmon, striped bass, and sturgeon. The observed rate of take for these species had increased
when set net observations included the Half Moon Bay to Bodega Bay area (Table 1). Although the catch levels
were not detrimental to these populations, these species are important to sport fisheries and commercial salmon troll
fisheries. Thus, a reduction of their set net take was desirable, especially the large numbers of small salmon (mostly
12–18 inches [30–45 cm] in length) in croaker nets.

As a result of the meetings, SB 2266 (Statutes 1984, Chapter 206), was enacted and became effective on 20 June
1984. This bill established a complex set of zonal closures in nearshore ocean waters from Pigeon Point to Point
Reyes (Figure 3) and extended the 10-fm closure in Monterey Bay to waters 15 fm or less to provide additional pro-
tection for sea otters. The bill also required fishermen to obtain from the CDFG a special permit, in addition to the
required general gill and trammel net permit, to fish set nets in state waters between the Sonoma-Mendicino County
line and Pfeiffer Point.
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FIGURE 3. Areas closed to gill and trammel net fishing by SB 2266, 1984, beginning 20 June 1984

1984
In 1984, set net fishing effort for halibut in Monterey Bay was up markedly over 1983 but was down slightly in the
area from Half Moon Bay to Bodega Bay (Diamond and Vojkovich 1990). Halibut landings increased in Monterey
Bay over 1983 but were down substantially in the Half Moon Bay to Bodega Bay area (Figure 2). Croaker set net
fishing effort and landings were up over 1983 in both areas (Figure 2).
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Set net observations increased substantially over previous years (Table 1). The rate of observed seabird mortality
was much lower than for previous years (Table 1), presumably due primarily to increased closures to gill and tram-
mel net use. Total estimated seabird mortality in 1984 was 7000 (Staff, Mar. Res. Div. 1987), down markedly from
1983; 93% of the observed mortality in set nets was murres. However, because of continuing declines in local murre
populations, further reductions in mortality were necessary.

Observed marine mammal mortality continued at a similar rate to 1983 (Table 1). Most harbor seals and all ele-
phant seals were young of the year. Three sea otters were taken in set nets in Monterey Bay in June before the clos-
ure was extended to 15 fm. Observed catch rates of salmon, striped bass, and sturgeon in 1984 were lower than in
1983 (Table 1). The actions taken through 1984 appeared to be having beneficial effects on reducing catches of sev-
eral nontarget species. Nevertheless, interest was increasing for further limiting gill and trammel net fishing effort
and for encouraging these fishermen to try other methods for catching target species.

Two legislative bills directed at these interests were initiated in 1984 and enacted in 1985. Senate Bill 89 (Statutes
1985, Chapter 50) became effective 30 May 1985. This bill extended the 15-fm closure in Monterey Bay north to
Waddell Creek and south to Yankee Point (Figure 1). It also directed the CDFG to explore alternatives to gill and
trammel net fishing between Waddell Creek and Point Sal (Santa Barbara County). Senate Bill 346 (Statutes 1985,
Chapter 436) limited the number of special gill and trammel net permits that the CDFG could issue annually to a
maximum of 135.

1985
Halibut set net effort was up slightly from 1984 in Monterey Bay but was down about 28% from Half Moon Bay to
Bodega Bay (Diamond and Vojkovich 1990). Halibut landings in Monterey Bay increased substantially but contin-
ued to decline from Half Moon Bay to Bodega Bay (Figure 2). There were rumors of illegal set net fishing for
halibut in 1985 in Monterey Bay where nets reportedly were being fished in shallow water and pulled and reset at
night (C.W. Haugen, CDFG, pers. comm.). No violators were apprehended that year, but illegal fishing may have
contributed to the increased landings.

Croaker set net landings were up markedly from 1984 in Monterey Bay and were similar to 1984 in the Half
Moon Bay to Bolinas Bay area (Figure 2).

Set net observations continued at a pace similar to 1984 (Table 1). The overall rate of observed seabird mortality
was higher than in 1984 (Table 1), even though it was very low in Monterey Bay (0.20 per net) in 1985. Estimated
total seabird mortality in set nets in 1985 was 8000, which, even with reduced fishing effort, was about 12% higher
than in 1984 (Staff, Mar. Res. Div. 1987). Ninety-six percent of the observed mortality was murres (Table 1). Be-
cause of continuing declines in local breeding populations of murres, the continuing set net mortality of seabirds re-
mained a serious concern.

Marine mammal mortality during 1985 continued at about the same rate as in 1983 and 1984 (Table 1). The por-
poise take was especially high in the Bodega Bay area where 25 were taken, most in April and May. The harbor seal
take continued to be high in Half Moon Bay and Bodega Bay areas where 20 and 14, respectively, were taken;
again, most were young of the year.
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Catch rates of salmon, striped bass, and sturgeon were about double those of 1984 (Table 1). However, these
catches still did not pose threats to these resources. For example, the total estimated set net catch of salmon in 1985
was 2170 fish and the total estimated sport and commercial catch was 547,000 fish (Staff, Mar. Resour. Div. 1987).
Nevertheless, the CDFG still considered it desirable to reduce the set net catch and wastage of these fishes.

The CDFG continued meetings with various interest groups to seek permanent solutions to continuing concerns
over set net fishing. Two legislative bills initiated in 1985, addressing these concerns, took effect 1 January 1986.
Assembly Bill 307 (Statutes 1985, Chapter 1002) established a statewide moratorium on the issuance of general gill
and trammel net permits until 1990. This bill also modified the amount of sublegal California halibut a commercial
fisherman was allowed to keep for personal use from 30 lb (13.5 kg) to four fish (about 10 to 15 lb [4.5 to 6.8 kg]).
Assembly Bill 2915 (Statutes 1985, Chapter 910) provided additional closures to gill and trammel net use south of
Monterey Bay for further protection for sea otters. It also provided funds for low interest loans for gear modifica-
tions to qualified fishermen selected to participate in experimental alternative gear fisheries.

Additionally, the CDFG issued the first two experimental gear permits for alternative gear fisheries for halibut in
November 1985, pursuant to SB 89 (1985; Haseltine and Thornton 1990).

1986
Set net fishing effort and landings for halibut declined from 1985 throughout the focal area (Diamond and Vo-
jkovich 1990; Figure 2). In Monterey Bay, considerable illegal halibut set net fishing occurred in the summer and
fall in closed areas (C.W. Haugen, pers. comm.) and, again, may have contributed substantially to that area's land-
ings. From Half Moon Bay to Bodega Bay, halibut landings continued a declining trend from peak landings of 1983
(Figure 2).

Croaker landings were down about a third from 1985 in Monterey Bay but were up slightly from Half Moon Bay
to Bolinas Bay (Figure 2). By late 1986, this fishery ceased off Bolinas Bay because of poor catches outside the area
closed pursuant to SB 2266 (1984) (Figure 3).

Overall, set net observations increased over previous years (Table 1). The observed seabird mortality rate was
down slightly from 1985, but was still higher than in 1984 (Table 1). More than 99% of the observed mortality was
in the Half Moon Bay to Bodega Bay area; the highest localized mortality that year was near San Francisco. Only 10
seabirds (0.20 per net) were observed in set nets in Monterey Bay. Murres comprised 85% of the total seabird mor-
tality (Table 1); 8% were pigeon guillemots and 5% were cormorants.

Estimated total seabird mortality in set nets in 1986 was 5000, the lowest since observations began in 1980.
However, this was due to reduced fishing effort, not reduced catch rates. Seabird mortality in set nets continued to
be a serious concern, especially because of continued declines in local populations of common murres and continu-
ing set net mortality of other seabirds. Furthermore, the center of highest localized mortality shifted from year to
year, making it impractical to manage by zonal closures.

Illegal set net fishing in Monterey Bay in shallow water (<15 fm) in the summer and fall probably caused some
additional mortality of seabirds and marine mammals. This activity ceased when CDFG wardens aboard a patrol

332



boat arrested a violater who was retrieving a halibut set net at night in water 6-fm (11.0-m) deep.
Overall, observed marine mammal mortality continued at a rate similar to the previous 3 years (Table 1), although

the harbor seal take was the highest yet observed. The take of harbor seals, porpoise, and otters continued to be of
concern, and catches of salmon, striped bass, and sturgeon continued at unwanted levels (Table 1).

The CDFG continued to hold meetings with interest groups to review results of actions taken and regulations en-
acted to reduce the take of nontarget species in set nets. One issue of concern was the Migratory Bird Treaty Act of
1917 which covers the seabird species that were being taken in set nets. This treaty does not permit the take of these
seabirds by fisheries. This concern became a major consideration in seeking permanent solutions to this problem.

Legislation initiated in 1986 resulted in SB 40 (Statutes 1987, Chapter 1298) which took effect on 28 September
1987. This bill prohibited the use of gill and trammel nets north of Point Reyes, within waters 40 fm or less from
Point Reyes to Waddell Creek, and within 3 naut mi around the Farallon Islands and Noonday Rock Buoy. The
40-fm closure was phased in by prohibiting gill and trammel net use in waters 20 fm or less from Duxbury Buoy to
Franklin Point and within a 5-naut-mi radius of Point San Pedro until 31 March 1988, after which the 40-fm closure
took effect (Figure 4). The bill deleted the requirement for special permits for use of gill and trammel nets. It estab-
lished a Nearshore Research Advisory Committee to review applications for experimental alternative gear permits
and provided funds for low interest loans for gear modifications for experimental gear permittees.

1987
In anticipation of enactment of SB 40 (1987), and the need to take expedient action prior to its passage, the CDFG
held a public hearing in Menlo Park on 1 April 1987. On that date, the CDFG director closed nearshore ocean waters
to the use of gill and trammel nets from the Sonoma-Mendicino County line to Franklin Point in 20 fm (36.6 m) or
less, except that from Point Reyes to Duxbury Point, waters 40 fm (73.2 m) or less were closed, as was the area
within 5 naut mi of Point San Pedro. Also, waters within 3 naut mi of the Farallon Islands and Noonday Rock Buoy
were closed to the use of gill and trammel nets. This emergency closure remained in effect until SB 40 was imple-
mented on 28 September 1987.

No estimates of set net fishing effort were available for 1987 in the focal area. The emergency and subsequent
permenant closures drastically reduced set net fishing from Half Moon Bay to Bodega Bay. Landings of both halibut
and croaker were down markedly from preceeding years (Figure 2). The halibut set net fishery virtually ceased north
of Waddell Creek with these closures and most of the halibut landed were caught by other gear.

In Monterey Bay, set net fishing effort probably was not greatly different from that in 1986. Landings of halibut
in Monterey Bay in 1987 were the highest in more than 20 years (Figure 2), but 44% of these landings were made by
the two experimental gear permittees using trawls (Haseltine and Thornton 1990).
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FIGURE 4. Areas closed to gill and trammel net fishing by SB 40, 1987, beginning 28 September 1987
Much of their catches were made in waters 5- to 10-fm deep. In 319 trawl sets observed, no seabirds, salmon, or
striped bass were caught; two sea lions were drowned and one sturgeon was caught. Croaker landings in Monterey
Bay were similar to those in 1986 (Figure 2).

Halibut set nets continued to be observed in Monterey Bay in 1987 but none were observed in the Half Moon Bay
to Bodega Bay area. Twelve croaker nets were observed near Half Moon Bay (Table 1) from January through Au-
gust.

334



The seabird mortality rate was the lowest recorded (Table 1). Near Half Moon Bay, seven seabirds, all common
murres, were observed in croaker nets; all were taken during January and February, before the emergency closure
that year took effect. Seabirds observed in set nets in Monterey Bay included 10 common murres, 10 cormorants, 4
loons, and 2 pigeon guillemots. No total seabird mortality estimate was available, but apparently it was the lowest
since observations began in 1980.

The observed marine mammal mortality rate was the highest recorded (Table 2). However, because total halibut
set net effort was markedly lower in 1987, total marine mammal mortality also probably was lower. Nevertheless,
marine mammal drownings in set nets continued to be of serious concern.

Catches of nontarget fishes of concern were markedly lower in 1987 than those of preceeding years (Table 1).
When closures pursuant to SB 40 (1987) took effect, set net observations north of Waddell Creek were discontin-

ued.
Legislation initiated in 1987 resulted in two bills affecting set net regulations in the focal area. Assembly Bill

3197 (Statutes 1988, Chapter 1031) requires a minimum mesh size of 8.5 inches to take halibut. This bill also limits
the total length of halibut nets fished from any vessel in the focal area to 1500 fm (2.7 km). Senate Bill 2782
(Statutes 1988, Chapter 1511) revised regulations in SB 40 (1897) to allow a maximum of four permits to use gill
and trammel nets in Tomales Bay and excluded Drakes Estero and Estero de Limantour (both near Point Reyes) to
the use of gill nets.

1988
No estimates of set net fishing effort were available for 1988. Halibut landings in Monterey Bay were down about
23% from 1987 (Figure 2). However, experimental trawls contributed 52% of these landings (Haseltine and
Thornton 1990). Croaker landings in Monterey Bay were similar to those in 1987.

From Half Moon Bay to Bodega Bay, halibut landings were up slightly from 1987 (Figure 2); experimental gear
fisheries beginning in that area (Haseltine and Thornton 1990) largely accounted for the increase in landings. Croak-
er landings were up substantially near Half Moon Bay as this deeper-water (>40 fm) set net fishery apparently im-
proved in that area.

Set net observations continued in Monterey Bay in 1988 (Table 1). The observed nets were all fished in water ran-
ging in depth from about 15 to 20 fm. The rate of observed seabird mortality was up slightly from 1987, and murres
continued to comprise a majority of the catch (Table 1). However, because set net effort was markedly reduced by
recent closures to the north, total mortality apparently was much lower than in the mid-1980's.

The observed marine mammal catch rate, although only about half that of 1987, was still much higher than in
earlier years (Table 1).

Observed catches of fishes of concern were markedly reduced from those in earlier years (Table 1).
No regulation changes or emergency closures were initiated in 1988, but continuing catches of seabirds and mar-

ine mammals in set nets, especially at the depths being fished, were disturbing.
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1989
Set net fisheries for halibut and croaker continued in the Monterey Bay area in waters deeper than 15 fm. However,
no estimates of set net fishing effort for 1989 were available. Halibut landings in Monterey Bay in 1989 were the
highest in more than 20 years (Figure 2); set net landings accounted for 62% of the total. Croaker landings were
down from 1988 (Figure 2).

The rate of seabird mortality in observed set nets was more than double those of the previous 2 years and the pro-
portion of murres in the observed catch also increased (Table 1).

Observed marine mammal mortality continued at about the same rate as in 1987 (Table 1), but the high observed
catches of porpoise and otters were of serious concern. During February through April, at least 25 porpoise car-
casses, some with evidence of set net entanglement, washed ashore on Monterey Bay area beaches. Set net observa-
tions from a skiff in 1989 began in late March. Twenty porpoise were observed drowned in 34 set nets during March
and April.

The high mortality of porpoise early in the year and continuing observed mortalities of other species prompted
several actions during the year. On 15 April, the CDFG director closed nearshore ocean waters in 40 fm or less from
Waddell Creek to the northern Fort Ord boundary (Figure 5) to gill and trammel net fishing. On 20 April, the CDFG
held a public hearing at Moss Landing to take testimony on effects of the closure and to consider whether modifica-
tions were necessary. On 6 June, the area from the northern Fort Ord boundary to Yankee Point was closed to gill
and trammel net fishing in 20 fm or less. On 1 September, the area from Fort Ord to Waddell Creek in waters deeper
than 20 fm was opened to gill and trammel net fishing, leaving the entire area from Waddell Creek to Yankee Point
closed in 20 fm or less.

Much of the mortality of seabirds and marine mammals observed in 1989 occurred after the 40-fm closure was re-
duced to 20 fm on 1 September. About one-half of the harbor seals (19), elephant seals (7), and sea lions (9), and
42% of the seabirds were taken between 1 September and 4 December in 32% of the set nets observed in 1989. The
marine mammal mortality rate was 1.47 per net. Much of the mortality was in nets set between Santa Cruz and Wad-
dell Creek.

By the end of 1989, legislation was being initiated to close the area from Waddell Creek to Yankee Point (and the
entire south central coast) in 30 fm or less to gill and trammel net fishing.

DISCUSSION AND EPILOGUE
Set net fisheries in nearshore ocean waters of central California have adversly affected large numbers of nontarget
species, especially seabirds and marine mammals. Emergency and permanent nearshore zonal closures during the
mid-1980s reduced observed seabird mortality rates (Table 1) and total estimated mortality, although not to desired
levels (i.e. approaching zero). Observed marine mammal mortality rates were not reduced by the closures and were
highest after halibut set net fishing virtually ceased north of Waddell Creek in 1987. The rate remained high even
after set nets were prohibited in less than 20 fm south of Waddell Creek on 1 September 1989. However, total mar-
ine mammal mortality fluctuated with set net fishing effort.
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FIGURE 5. Emergency closures to gill and trammel net fishing in the Monterey Bay area in 1989
The measures taken were not as effective as desired for several reasons. Diving seabirds that were affected by set

nets forage upon anchovies, juvenile rockfishes, and other small fishes. Whether seabirds are attracted to set nets is
unknown, but it seems likely that they are entangled while seeking or pursuing forage fishes. Schools of these fishes
move considerably. It is not possible to predict their movements, nor to predict when or where seabirds will forage
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upon them. Localized areas of observed seabird mortality shifted seasonally and annually. Thus, zonal management
efforts were thwarted and total estimated seabird mortalities continued at unacceptable levels.

Some marine mammals feed upon fishes entangled in set nets and probably are attracted to easy prey in the nets.
Sea otters rarely eat fishes but could be attracted to crabs and other species entangled in the nets. Marine mammals
also may encounter nets accidentally and become entangled. Whatever the reasons, rates of marine mammal mortal-
ities in halibut set nets (Table 1) were not reduced by zonal closures. These mortalities continued to be a serious
concern.

Continuing mortalities necessitated more stringent permanent closures. The total closure to set nets north of Point
Reyes since 1987 and the 40-fm closure north of Waddell Creek since April 1988 have precluded set net fisheries
for halibut in these areas. Thus, these measures eliminated this source of nontarget mortalities and virtually elimin-
ated seabird mortalities in croaker nets, although some croaker set net fishing has continued in deeper water. Ob-
served seabird mortality was virtually nil in nets set in water deeper than 40 fm.

In the Monterey Bay area, continuing seabird mortalities and high rates of marine mammal mortalities in nets set
deeper than 20 fm in the late 1980's were disturbing. Legislation (SB 2563 1990, Chapter 884]) to restrict set net
fishing in waters shallower than 30 fm throughout central California south of Waddell Creek was passed on 13
September 1990. This closure took effect on 1 January 1991. Effectiveness of a 30-fm closure will need to be evalu-
ated.

Experimental nearshore alternative gear fisheries for halibut using modified otter trawls (Haseltine and Thornton
1990) were terminated in April 1990 when the California Fish and Game Commission denied renewal of these per-
mits. The permits were reinstated by the Commission in August 1990 following court action brought by the permit-
tees. Although these trawls are effective for catching halibut, and have reduced or eliminated mortalities of nontar-
get species of concern, some sportfishing groups and other commercial fishermen are opposed to nearshore trawling.
They are concerned that nearshore trawling will leave fewer fish for them to catch. They have questions about ef-
fects of nearshore trawling on the the benthic environment. They have concerns about observed high catch and dis-
card rates of elasmobranchs, especially skates and rays, in the trawls. The CDFG is continuing to evaluate manage-
ment alternatives for halibut in nearshore waters throughout central California.
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ABSTRACT
In the early 1980s, concern over seabird and marine mammal mortalities resulted in legislative closures of certain
areas to the use of gill and trammel nets in central California nearshore waters. Consequently, an Alternative Gear
Development Program (AGDP) was developed to investigate alternative gear types for the take of California halibut,
Paralichthys californicus, and white croaker, Genyonemus lineatus. The program was established as a cooperative
effort between the California Department of Fish and Game and the Coastal Resources Center. Testing was conduc-
ted during the years 1986 through 1988 in four central California areas: Morro Bay, Monterey Bay, San Francisco,
and Bodega Bay. Gear tested for the take of halibut were: otter trawl, Scottish seine, pair trawl, beam trawl, traps,
bottom longline, and troll gear. Most nets had 7.5-inch mesh throughout. One additional pair trawl was tested for the
take of white croaker; mesh sizes varied between 3 and 5 inches.

Otter trawls were the most effective gear for catching legal-size halibut. The bycatch consisted mainly of flatfish
and elasmobranchs; most elasmobranchs were returned to the ocean. The catch of sublegal halibut, protected fish
species, and crabs generally was minimal. Over 1100 observed otter trawl tows were made during the test period; no
seabirds were caught, and the only marine mammal mortalities were 11 California sea lions, Zalophus californianus.
No other marine mammals were threatened by the nets.

The halibut pair trawl showed promising results in landing the target species; however, testing was minimal. Ex-
periments with traps and troll gear suggest these gears have potential for landing limited quantities of halibut; further
testing is encouraged. Scottish seine, beam trawl, and bottom longline were not found to be feasible alternatives to
gill nets.
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The white croaker pair trawl showed increasing potential for landing the target species; however, results were still
inconclusive. No seabirds or marine mammals were threatened during the white croaker experiments.

The high efficiency of otter trawls in landing halibut may preclude the use of this gear by most displaced gill and
trammel net fishermen. The AGDP is scheduled to continue through 1989 (one additional year) before a permanent
fishery is considered.

INTRODUCTION
In the early 1980s closures of certain areas to the use of gill and trammel nets were instituted in nearshore waters of
central California (Wild 1990). These closures were legislatively mandated, and were enacted out of concerns over
the incidental take of seabirds and marine mammals.

It was recognized these closures possibly would result in economic impacts on the fishing industry, especially gill
and trammel net fishermen targeting California halibut, Paralichthys californicus, and white croaker, Genyonemus
lineatus. Consequently, the Alternative Gear Development Program (AGDP) was established in 1985 with the pas-
sage of Senate Bill 89 (Chap. 50, Stats. 1985) which directed the California Department of Fish and Game (CDFG)
to explore alternative fishing gear and methods to take California halibut in central California nearshore areas where
gill and trammel nets were prohibited pursuant to that legislation.

In response to SB 89, the California Fish and Game Commission (CFGC) approved in 1985 the issuance of per-
mits to test small, modified otter trawl nets for harvesting halibut. Senate Bill 89 was followed by two additional le-
gislative acts, Assembly Bill 2915 (Chap. 910, Stats. 1986) and SB 40 (Chap. 1298, Stats. 1987), which further en-
couraged the development of alternative fishing gear for halibut and white croaker. Assembly Bill 2915 established
a program to examine alternative fishing gear in the area from Point Conception (Santa Barbara County) to
Monterey Bay. This bill also provided funding for low-interest loans to fishermen to purchase alternative gear and to
help support at-sea monitoring of the gear.

Senate Bill 40 authorized the CDFG to issue up to seven experimental alternative gear permits which would oper-
ate in nearshore areas from Waddell Creek (Santa Cruz County) to the Sonoma-Mendocino County line. This bill
also created a 12-member Nearshore Research Advisory Committee to advise the CDFG regarding issuance and
monitoring of the permits.

A significant portion of the AGDP consisted of a cooperative effort between the CDFG and the Coastal Resources
Center (CRC), a statewide, nonprofit organization established in 1985 to work for the protection of fisheries and
fishery habitats. The CRC (originally the Coastal Fisheries Foundation) specializes in developing solutions to
coastal problems identified by those interested in coastal resource protection. A more detailed description of the
CRC's 1987 alternative gear activities is presented by Thornton (1988).

Criteria for evaluating alternative gear involved assessing effects on: i) protected species (seabirds and marine
mammals), ii) targeted and nontargeted
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species, iii) prohibited fish species (sturgeon, Acipenser spp.; striped bass, Morone saxatilis; and salmon, Onco-
rhynchus spp.), and iv) other gear and user groups. Also, practicality of use and economic feasibility were taken into
consideration in evaluating alternatives.

The information presented in this report covers testing that occurred during 1986, 1987, and 1988. Fishing tech-
niques and onboard monitoring improved each year; consequently the 1988 data are the most complete and the most
meaningfully compared (by gear type and by area). The 1988 data are, therefore, emphasized in this report. Data in
this report are preliminary; the AGDP currently is scheduled to continue to the end of 1989 after which a compre-
hensive final report with recommendations as to the continued use of the tested gear will be prepared.

METHODS AND MATERIALS
The AGDP has evaluated gear in four central California areas: Morro Bay (Point Conception, Santa Barbara County
to Point Sur, Monterey County), Monterey Bay (Fort Ord, Monterey County to Santa Cruz, Santa Cruz County), San
Francisco (Pigeon Point, San Mateo County to Point Reyes, Marin County), and Bodega Bay (Point Reyes to Fort
Ross, Sonoma County). Data from the San Francisco and Bodega Bay areas are combined in this report. Seven of
the evaluated gear types targeted halibut. The CDFG was responsible for evaluating ten otter trawls, one Scottish
seine, and one series of troll gear trials. The CRC assumed responsibility for evaluating one Scottish seine, one pair
trawl, one beam trawl, one small otter trawl (working from a bowpicker), traps, bottom longline, and an additional
series of troll gear trials. Also, one small-mesh "pair trawl" (actually a towed seine) was used for white croaker; this
gear was tested and evaluated by the Vietnamese Fishermen's Association of America (VFAA). All fishing activity
occurred within 3 miles from shore, in areas where trawl nets have been prohibited in the past. All participants using
trawl or seine nets were issued experimental gear permits authorized by the CFGC. Testing of gear types other than
nets (e.g. traps, bottom longline, and troll gear) did not require permits.

Catch statistics and evaluation of gear are based on reports from onboard observers, trawl logs (from fishermen),
and fish receipts submitted to the CDFG. The CDFG monitored, with onboard observers, at least 25% of fishing ef-
fort (hours) of experimental trawls and seines. Also, frequent input was received from the fishermen participating in
the program, as well as from other segments of the commercial fishing industry (halibut trollers, fish dealers), sport-
fishing interests (charterboat operators, skiff fishermen, scuba divers), environmental groups, and the general public.

Otter Trawl
Descriptions of otter trawls and how they operate are found in Noel and Bowbeer (1976) and Thornton (1988).

The otter trawls used in the AGDP were constructed with polypropylene twine. Generally, mesh sizes were 7.5
inches in both body and cod end; however, some nets had 8-inch mesh throughout. At the beginning of the
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program, nets with 4.5-inch mesh were briefly tested on two vessels, one each in Monterey Bay (1986) and the Bo-
dega Bay area (late 1987).

Eleven vessels fished with otter trawls during 1986 through 1988 in the test areas (Table 1). One of these vessels
(Table 1; vessel 10) differed from the others in that it was a relatively small (26-ft) bowpicker; i.e. it operated trawl
gear over the bow, rather than the more conventional method of setting the trawl off the stern. A description of the
bowpicker and how it operates is found in Thornton (1988).

TABLE 1. Boat and gear specifications used by eleven otter trawl permittees participating in the Alternative Gear
Development Program during 1986, 1987, and 1988.

Scottish Seine
Scottish seining ("flydragging") is the fishing technique used by two of the San Francisco-area permittees participat-
ing in the AGDP. Descriptions of this gear and how it operates are found in Noel and Bowbeer (1976) and Thornton
(1988).

Vessels used by the permittees were 36 ft long (165 hp, diesel) and 45 ft long (225 hp, diesel). Both vessels oper-
ated out of San Francisco. Net configurations were changed frequently throughout the testing period to determine
optimal use of the gear. Commonly-used gear measurements included 0.75-inch
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diameter warps that were six coils long on each side (12 coils = 8640 ft). Standard headrope length was 100 ft. Mesh
size was 4.5 inches throughout body and cod end.

Pair Trawl (Halibut)
A description of the halibut pair trawling operation used in the AGDP is found in Thornton (1988).

The permittee testing this gear operated out of Bodega Bay Harbor. Fishing was conducted during two testing
periods. Each set of tests used a different pair of boats and different net configurations. Initial tests were conducted
during 1987. The lead vessel was 40 ft long (120 hp, diesel), and the second vessel was a 38-ft "double ender" (105
hp, diesel). The initial net was a "320 Vinge Scissor type net" consisting of a 15-fm mudline, 150-ft headrope,
7.5-inch mesh in the cod end, and 4.5- inch mesh in the wings and body. The second set of tests was conducted dur-
ing 1988. The lead vessel was 38 ft long (165 hp), and the second vessel was 48 ft long (250 hp). The second net
was similar to the first, except it had 8-inch mesh in wings and body. Operation of the boats and gear required four
people, two on each boat.

Beam Trawl
A description of the beam trawling operation used in the AGDP is found in Thornton (1988). The permittee using
this gear operated out of San Francisco. The vessel was 36 ft long (190 hp, diesel), and the net was a "standard
Icelandic style trawl net" similar in size to the otter trawl nets used in the AGDP. Two 30-ft beams were tested. The
first was constructed of "schedule 40" aluminum; the second used heavier "schedule 80" aluminum. The permittee
operated the gear alone (i.e. no crew).

Traps
One fisherman designed and tested three styles of traps for the capture of halibut. The first style was tested during
1987 (two traps tested). This was an oversized version of the rectangular Maine lobster trap, and had a wooden
structure with cotton webbing. A description of this design is found in Thornton (1988).

The second style, tested in 1988, was also rectangular (two traps tested). These traps had a metal rebar structure,
with side panels of woven stainless steel, crab-pot wire (5-inch mesh). The traps measured 72 inches long, 48 inches
wide, and 20 inches high (Figure 1). Wire-mesh ramps led to the two 44-inch entrances. Triggers were installed to
prevent the escape of fish.

The third style was also tested in 1988. This was conical, and similar to a sablefish trap (five traps tested). These
traps were also of metal rebar structure, and were strung with synthetic webbing (3- to 4-inch mesh). The bottom
(48-inch diameter) and top (36-inch diameter) were circular and had draw-string webbing. The trap was 48 inches
high. The single entrance was located just off the bottom; its opening was 24 inches wide by 6 inches high, with
triggers (Figure 2).
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FIGURE 1. Rectangular trap tested in 1988 for the capture of California halibut

FIGURE 2. Conical trap tested in 1988 for the capture of California halibut
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All three trap designs included standard escape openings for crabs. The traps were utilized in a "longline trap sys-
tem"; i.e. several traps were spaced at regular intervals, and attached to a groundline. The groundline was anchored
at both ends, thereby allowing the trap string to be checked without changing the location of the string. Various
combinations of fish attractors were used; these consisted of ground bait (squid, herring, or anchovies), and mechan-
ical lures (flashers and sonic hoochies). The vessel used for the trap experimentation was a 24-ft former gill net boat.
All field data for the trap operations were supplied by the fisherman; i.e. there were no onboard observers.

Pair Trawl (White Croaker)
A permit was issued to the VFAA for testing a small-mesh pair trawl for the take of white croaker. Seven former gill
net boats were used during the 3-year test period (1986–88); however, only two boats worked as a pair at any given
time. The Berkeley Marina was their home port. Throughout the test period gear was continually modified in an ef-
fort to increase the white croaker catch, and reduce the incidental catch. Gear specifications were: headrope = 59 ft,
footrope = 60 ft, each mudline = 14 fm manila line with 71-ft chain extensions (for weight). Mesh sizes were
changed slightly each year; however, they generally measured 4.5 inches in the body and 3 inches in the cod end.
Onboard observers accompanied most of the trips and were employed by either the National Marine Fisheries Ser-
vice or the CDFG.

Bottom Longline
Limited testing with a bottom longline was conducted by one fisherman. This gear involved an anchored horizontal
ground line, to which was attached short "gangions" (leaders) carrying baited hooks. The fisherman experimented
with various materials and gear configurations, and settled on the following: Circle hooks were tied to 2-ft lengths of
80-lb test monofiliment leaders, which were attached every 6–12 ft with snap-on gear to a groundline made of
3000–4000 ft of #-inch braided nylon. The preferred bait was squid (3–4 inches long). Soak times varied from 1 to
24 h.

Troll Gear
Halibut trolling consists of dragging a weighted, baited hook or lure through the water close to the bottom. Some-
times several hooks (up to 12) are fished simultaneously at different depths. Two series of tests were conducted dur-
ing the alternative gear program, both in the Morro Bay area. The first series was conducted by the CDFG. Gear was
sportfishing rods and downriggers, and bait was anchovies, squid, or salmon hoochie lures. The second series was
conducted by a commercial fisherman working closely with the CRC. This later series used commercial gear that in-
cluded outrigger poles, lead or cast iron sinkers, and gurdies to haul in the line. Spoons and hoochies were used as
bait.

347



RESULTS
Otter Trawl
Morro Bay Area
Six permits were initially issued for the use of otter trawls; however, only four permittees were active in the pro-
gram. Fishing began in May 1986. During 1986 through 1988, fishing was conducted principally in Estero Bay, and
off Avila and Pismo Beach. Most halibut were taken at depths of 12–20 fm, and tow times averaged 45–60 min.
Fishing occurred during all months of the year; however, halibut landings were highest during June through Septem-
ber. Halibut was the most abundant species caught by number and weight.

In 1988, approximately 117,000 lb of halibut were landed in the Morro Bay area. Observers were aboard during
about 27% of the hours fished. This represented landings mainly by three permittees using otter trawls (Table 1; ves-
sels 2, 3, and 4); their catch of legal-size halibut averaged about 80 lb/h of fishing. The incidental catch of sublegal
halibut (less than 22 inches) averaged about 13% by numbers. Most sublegal halibut taken during the observed trips
were tagged and returned to the water. Other than halibut, big skate, Raja binoculata, and starry flounder, Platichthys
stellatus, were the most common species caught. The remaining incidental catch consisted of other elasmobranchs
and flatfish, as well as a few surfperch, Embiotocidae; greenlings, Hexagrammos spp.; crabs; seastars; and jellyfish.

During 1986 through 1988 the Morro Bay permittees conducted 2124 tows with otter trawls. During the observed
trips (573 tows) three California sea lions, Zalophus californianus, were drowned in the nets; however, there were no
other marine mammal or seabird mortalities. No prohibited fish species were observed taken. Occasionally animal
carcasses were brought up in the nets. These included one cormorant, Phalacrocorax sp.; four California sea lions;
one harbor seal, Phoca vitulina; one northern elephant seal, Mirounga angustirostris; and one gray whale, Eschrichti-
us robustus.

Monterey Bay
Two permits were issued for the use of otter trawls. One permittee had been active since early 1986; the other began
fishing in early 1987. During 1986 through 1988, fishing was conducted principally in the central and northern por-
tions of Monterey Bay (Fort Ord to Santa Cruz). Most halibut were taken at depths of 5–10 fm; and tow times gener-
ally ranged between 60 and 90 min. Fishing occurred from January through December; however, halibut landings
were highest during May through August.

In 1988, approximately 34,000 lb of halibut were landed in Monterey Bay by the two permittees. Observers were
aboard during about 25% of the hours fished. The catch of legal-size halibut averaged about 37 lb/h of fishing. The
incidental catch of sublegal halibut averaged about 6% by numbers; most sublegal halibut caught during observed
trips were tagged and returned to the water. Starry flounder was the most numerous species caught; however, halibut
was the predominant marketed species by weight. Big skates and California skates, Raja inornata, were also caught
in large quantities and returned alive. Other elasmobranchs and flatfish constituted the remaining incidental catch. A
few rockfish, Sebastes spp.; sculpins, Cottidae; greenlings; surfperch; northern
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anchovies, Engraulis mordax; seastars; crabs; and jellyfish frequently were seen in the nets.
During 1986 through 1988 the Monterey Bay permittees conducted 1974 tows with otter trawl nets. Prohibited

fish species caught during the observed trips (494 tows) were two white sturgeon, A. transmontanus, and one king
salmon, O. tshawytscha. Eight California sea lions were drowned in the nets; however, there were no other marine
mammal or seabird mortalities. Two California sea lions were captured and released alive. Animals that apparently
were dead prior to being caught included one sea lion and one porpoise (species unidentified).

Mesh size of 7.5 inches throughout the entire net proved satisfactory in selecting for legal-size halibut while al-
lowing for escapement of most sublegal halibut. The initial experimentation (1986) with 4.5-inch mesh body (Table
1; vessel 5) proved unsatisfactory due to large numbers of sublegal halibut caught and to excessive drag on the ves-
sel. The catch of sublegal halibut by the 4.5-inch mesh body was about 55% by numbers of the total halibut catch.
The body mesh size was changed to 7.5-inches during 1987 and 1988; the sublegal halibut catch dropped to 4% and
6% respectively.

San Francisco-Bodega Bay Areas
Three permits were issued for the use of otter trawls in the San Francisco area and two in the Bodega Bay area. Ini-
tial activity was conducted by one permittee during August and September 1987 in the Bodega Bay area (Table 1;
vessel 10). This activity involved mainly gear testing. Effort increased during 1988 when four additional permittees
fished during June through November. Fishing ranged from Pigeon Point (San Mateo County) to Fort Ross (Sonoma
County), with most effort occurring off the Golden Gate region. Most halibut were taken at 4–5 fm and tow times
averaged about 90 min.

In 1988, approximately 25,000 lb of halibut were landed in the San Francisco and Bodega Bay areas by the per-
mittees. Observers were aboard during about 28% of the hours fished (both areas combined). The catch of legal-size
halibut averaged about 70 lb/h of fishing (both areas combined). Most halibut were caught during July through
September, and most halibut landings were by one permittee (Table 1; vessel 7). Halibut was the most predominant
species by weight landed. The incidental catch of sublegal halibut averaged about 4% by numbers. Most sublegal
halibut taken during observed trips were returned to the water; none were tagged. Northern anchovy was the most
numerous species caught. These also were returned to the water. The remaining incidental catch was mainly bat ray,
Myliobatis californica, starry flounder, and other elasmobranchs and flatfish; the starry flounder were marketed.
Dungeness crabs, Cancer magister, were also common in the nets. About 850 were taken during 68 observed otter
trawl tows in 1988. The take of Dungeness crabs was highest in the Bodega Bay area. One permittee took an aver-
age of 26 crabs per observed tow during October 1988. All Dungeness crabs were returned to the water; however,
many were damaged, with missing legs and crushed carapaces.

During 1987 and 1988 the San Francisco and Bodega Bay permittees conducted 248 tows with otter trawl nets.
Prohibited fish species caught during the observed trips (68 tows) were 2 salmon; 14 striped bass; and 47 green stur-
geon, A. medirostris. These fish all were returned to the water alive. No
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seabirds or marine mammals were taken during the observed trips, nor were any reported caught by the permittees
on unobserved trips.

Initial experimentation (25 tows) by the bowpicker (Table 1; vessel 10) with the 4.5-inch mesh body proved un-
satisfactory. After two months of trials (August and September 1987), fishing was discontinued when it was determ-
ined that excessive drag on the small vessel resulted in poor catch performance.

Scottish Seine
This gear was initially tested during September 1987; the five trips were mainly for gear testing. The same 36-ft ves-
sel returned to the program in June 1988 and used the gear until mid-July 1988 (11 fishing days). A second permit-
tee, using a 45-ft vessel, fished from July through October 1988 (34 fishing days). Fishing locations ranged from Pa-
cifica (San Mateo County), to Drakes Bay (Marin County). Fishing depths were from 4 to 25 fm. The most success-
ful fishing occurred from mid-August through September. Set durations averaged about 70 min.

During 1988, the combined marketed catch of halibut for the two permittees was approximately 8000 lb (observed
and unobserved trips totaling 164 sets), with an average of about 46 lb/h of fishing. Most halibut were landed by the
larger vessel. The incidental catch of sublegal halibut was exceedingly high, averaging about 71% of the total ob-
served halibut catch. Most sublegal halibut taken during observed trips (about 20% observer coverage) were tagged
and released. Other marketed species included starry flounder (about 1800 lb) and other flatfish. The incidental
catch consisted mainly of northern anchovy, big skate, bat ray, and brown smoothhound, Mustelus henlei. Prohibited
fish species taken during observed trips (24 sets) were 11 green sturgeon; 1 silver salmon, O. kisutch; and 1 king sal-
mon. All the incidental species were returned alive. of sixty-seven crabs taken during the observed trips, 44 were
identified as Dungeness crabs; all were returned (condition unrecorded). No seabirds or marine mammals were taken
during the observed trips, nor were any reported caught by the permittees on unobserved trips.

Although Scottish seine catches were considered relatively successful, both permittees expressed concern over the
amount of effort required to land sufficient quantities of fish to make the gear a feasible alternative to gill nets or ot-
ter trawls. By the end of October 1988 both permittees ceased operations with the seines and were issued permits au-
thorizing them to test otter trawls in the San Francisco area.

Pair Trawl (Halibut)
The halibut pair trawl permittee fished during October 1987 (four fishing days), and August and September 1988
(12 fishing days). Fishing occurred in two relatively small areas, just north of Point Reyes and just north of Bodega
Head. Tow depths ranged from 5 to 35 fm; however, most halibut were taken in the shallower depths. Mean tow
duration was 130 min at an average fishing speed of 2–3 knots. Most effort during the initial testing period (ten tows
in 1987) was spent becoming familiar with the gear and learning to work the boats in unison. Initial results were
only moderately successful with catches of 145 lb of halibut and 1845 lb of starry flounder.

350



Fishing success improved in 1988 when the permittee switched to larger boats and a net of lighter construction
(larger mesh). During 1988, 3792 lb of halibut were landed during 26 observed and unobserved tows with an aver-
age catch rate of 66 lb/h. During observed trips (about 47% observer coverage), the catch of sublegal halibut was ap-
proximately 44% of the total halibut catch. The numbers of skates (species unidentified) and starry flounder were
high, totaling 2166 and 1068 fish respectively for the 14 observed tows; the starry flounder were marketed. The re-
maining incidental catch on the observed trips was mostly flatfish and Dungeness crabs (320 individuals on 23 ob-
served tows). The physical condition of all fish caught was considered excellent, and the sublegal halibut, elasmo-
branchs, crabs, and the remaining unmarketed catch were released alive.

No prohibited fish species, seabirds, or marine mammals (live or dead) were taken during the observed trips, nor
were any reported caught during unobserved trips. However, sea lions were frequently in the area and occasionally
fed on the catch during net retrieval.

Beam Trawl
This gear operated during September and October 1987 (nine fishing days), and July and August 1988 (16 fishing
days). Fishing activity was conducted just outside the Golden Gate in 4- 24 fm. Tow durations averaged about 85
min with a speed of 3–5 knots.

A major portion of the fishing effort was involved with gear familiarization and dealing with minor gear prob-
lems. During 1987, 25 halibut were landed during seven unobserved tows; halibut weights were unrecorded. The
1987 activity was cut short when the 30-ft "schedule 40" aluminum beam broke. The permittee felt the beam was
structurally weaker than was required for the size of net used.

During 1988, the permittee found the stronger "schedule 80" aluminum beam to be satisfactory. However, land-
ings of halibut were still poor, totaling only 307 lb (8 lb/h). No sublegal halibut were caught, and starry flounder was
the only other fish marketed. The incidental catch during the three observed trips (six tows) included 33 big skates,
11 starry flounder, 2 bat rays, and 8 Dungeness crabs. The observed catch of prohibited fish species consisted of
four striped bass. All incidental species were returned alive. No seabirds or marine mammals were taken during the
observed trips (about 23% observer coverage), nor were any reported caught during unobserved trips.

The permittee felt the gear required a long learning period, could not match the effectiveness of gill nets or otter
trawls, and was unsafe for a single fisherman who is relatively inexperienced at using this particular gear type. No
further testing of the beam trawl was anticipated beyond August 1988.

Traps
Traps were tested in the Bodega Bay area, mostly near the harbor entrance where fishing depths ranged from 6 to 33
fm. Days spent checking and baiting traps were referred to as "pull days". Days spent moving or setting the gear
were referred to as "set days". Most pull days were after approximately 24-h soak periods; however, soak periods
occasionally lasted up to 96 h, depending on weather.
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The first trap style (wooden, rectangular traps) were tested during November and December 1987 (seven set
days). Nine pull days yielded three halibut (two were legal size). The incidental catch included 26 crabs (species
unidentified), 3 rockfish, and 1 starry flounder.

The second trap style (metal, rectangular traps), and the third style (conical traps) were tested from October to
December 1988 (total 36 test days). Data from these two trap styles tested during 1988 were combined. Thirty pull
days (153 trap checks) yielded 34 legal and two sublegal halibut. In general, halibut were in good condition after 1-
or 2-day soaks; however, if the traps were left for 3 days or longer, mortalities began to occur. Four legal-size
halibut were lost to crabs and "sand fleas". The average weight of halibut caught in the traps was 5.1 lb. The incid-
ental catch included 4 starry flounder; 6 small lingcod, Ophiodon elongatus; 32 Dungeness crabs; and 30 rock crabs.

The fisherman preferred the conical trap design over the two rectangular designs because it stacked easier, cost
less, was more durable, and trapped more halibut.

No seabirds or marine mammals were taken by any of the traps. There was an abundance of common murres, Uria
aalge, in the fishing area during the month of October 1988, but none were caught in the traps.

Pair Trawl (White Croaker)
Twenty seven trips (58 tows) were conducted during the 3-year period. Tests were conducted at irregular intervals
from April through December. Fishing locations ranged from Half Moon Bay to Point Reyes, and fishing depths
were from 7 to 35 fm. Tow times generally ranged between 55 and 95 min; tow speeds were usually between 1.5
and 4.0 knots. Onboard observers were present during 68% of the total hours fished.

The catch of white croaker increased progressively each year. In 1986, 250 lb were landed in nine fishing days; in
1987, 780 lb were landed in four fishing days; and, in 1988, 7881 lb were landed in 14 fishing days. The most suc-
cessful fishing occurred during August 1988 off San Francisco and Pacifica where depths ranged from 12 to 15 fm.
Other marketed fish included elasmobranchs (skates and rays), halibut (160 lb), and other flatfish. Common inver-
tebrates included Dungeness crabs, rock crabs, and seastars; all invertebrates were returned to the ocean. No seabirds
or marine mammals were taken during the observed trips, nor were any reported caught on unobserved trips.

Gear configurations and fishing techniques were continually modified over the 3-year test period. Catches of
smaller fish were reduced by increasing the mesh size to 3 inches. The footrope was lifted off the bottom by adding
floats, removing chains, and increasing speeds to 4 knots; these modifications appeared to reduce the catches of bot-
tom species (e.g. Dungeness crabs).

Bottom Longline
This gear was tested for 22 days during October 1987. Fishing locations were off Morro Bay in waters less than 20
fm. Catch results for halibut were very poor with a total yield of two legal-size and two sublegal fish. The gear
showed greater potential for catches of rockfish (209 lb of combined species) and pelagic species (640 lb of com-
bined Pacific bonito, Sarda chiliensis, and Pacific
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mackerel, Scomber japonicus) than flatfish. Because of seastar predation, shorter soak times (less than 3 h) were
preferred to the longer times. Two unidentified seabirds were caught during the tests: one while setting gear, and one
after the gear was set. Both birds were released alive and unhurt. No marine mammals were encountered.

Troll Gear
The initial series of tests (CDFG), using sport gear, was conducted during April through October 1986 in Estero
Bay. Depths ranged from 2 to 13 fm. A total of 68 hours of trolling effort yielded 21 legal-size halibut (0.3 fish/
fishing hour) and 64 sublegal halibut (75% by numbers of the total halibut catch). Anchovy was the most successful
bait (0.11 legal-size halibut/hook/fishing hour), and squid was the least successful (no legal-size halibut caught).

The second series of tests (CRC), using commercial gear, was conducted during seven days from September to
early December 1988. Fishing ranged from Estero Bay to Point Buchon, and depths ranged from 5 to 30 fm. Catch
results for halibut were very poor with a yield of two legal-size and seven sublegal fish. Murres; gulls, Larus spp.;
unidentified birds; sea lions; sea otters; and a harbor porpoise, Phocoena phocoena, were observed in the fishing
areas. However, there was no incidental catch of seabirds or marine mammals during either series of tests.

DISCUSSION
Otter Trawl
Catch rates for halibut appear correlated with boat and gear size. The most successful halibut landings were in the
Morro Bay area, which had the largest boats and gear (Table 1). During 1988, three permittees in the Morro Bay
area landed about 117,000 lb (80 lb/h of fishing effort). The next largest boats and gear were in the San Francisco
and Bodega Bay areas. During 1988, about 25,000 lb were landed primarily by one permittee in the San Francisco
area (70 lb/h). By comparison, during 1988 the two permittees operating smaller boats in Monterey Bay landed
about 34,000 lb (36 lb/h). To standardize fishing effort in the Morro Bay, Monterey Bay, and Bodega Bay areas, the
CDFG required these otter trawl permittees to use "scaled-down" gear beginning in January 1989. The new require-
ments specify footropes not exceeding 65 ft in length, mudlines not exceeding 40 fm in length, and doors not ex-
ceeding 14 ft2 each. With these new regulations, fishing may not be economically feasible for larger boats (Table 1;
vessels 2 and 4). The San Francisco area permittees were allowed to have larger footropes; these were not to exceed
100 ft.

During 1988, halibut landings of the three otter trawl permittees in the Morro Bay area approximated the historic
annual landings of 12–24 gill and trammel net (set net) fishermen during the preceding 10 years (about
100,000–150,000 lb/year). Also, legislative closures that moved set net fishing to waters deeper than 15 fm do not
appear to have affected halibut landings in the Morro Bay area. For these reasons, the CFGC acting on the recom-
mendations of the CDFG, discontinued testing nearshore otter trawls in the Morro Bay area after 15 May 1989. The
AGDP otter trawl data from the other areas (Monterey Bay, San
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Francisco, and Bodega Bay) will be further analyzed before being compared with set net halibut landings.
A mesh size of 7.5 inches throughout body and cod end was effective in providing for escapement of most subleg-

al halibut. The incidental catch of sublegal halibut was minimal in the Monterey Bay, San Francisco, and Bodega
Bay areas. However, the catch of sublegal halibut was higher in the Morro Bay area. Reasons for these differences
may be related to abundance of sublegal halibut. Generally, the sublegal halibut tagged during observed trips ap-
peared to be in healthy condition upon their return to the water. The net with the smaller mesh size of 4.5 inches in
the body, used early in the program by two boats, captured a greater portion of sublegal halibut. Also, the 4.5- inch
mesh appeared to result in increased strain (drag) on the relatively small vessels (26 ft and 34 ft) using this mesh.

The incidental catch in all four areas consisted of typical sand-bottom species, principally flatfish and elasmo-
branchs. Many of the flatfish were marketed; most elasmobranchs were returned to the ocean. Concern over the con-
dition of returned elasmobranchs has prompted the CDFG to initiate a tagging program for elasmobranchs, which is
scheduled to commence January 1989. Low numbers of rockfish in the otter trawl catches indicate the 7.5-inch mesh
is sufficiently large to provide adequate escapement for these species.

Prohibited fish species (salmon, striped bass, and sturgeon) were taken in the Monterey Bay, San Francisco, and
Bodega Bay areas. Numbers taken were relatively low; and, those taken during observed trips were returned to the
ocean in apparently healthy condition.

Dungeness crabs were taken in otter trawl nets in all four areas. Quantities were minimal in the Morro Bay and
Monterey Bay areas, higher in the San Francisco area, and abundant in the Bodega Bay area. Dungeness crabs were
always returned to the ocean; however, many were obviously damaged. The catch of Dungeness crabs will continue
to be monitored during the remainder of the AGDP. The affect of otter trawls on benthic crabs (i.e. those not cap-
tured in the nets) has not been examined.

Direct observations indicate that otter trawls have negligible impact on seabirds or marine mammals. Although
California sea lions were frequently in the vicinity of trawl nets being fished, only eleven sea lions were drowned as
a result of over 1100 observed pulls during the 3-year period. Occasionally marine mammal carcasses were taken;
however, these could not be attributed to alternative gear activity. Likewise, seabirds were also frequently observed
near the nets. However, no birds were drowned in the nets during the observed trips, and none were reported caught
on unobserved trips.

During the study period there were occasional conflicts (some real, some perceived) with other gear types and
user groups. Conflicts were mainly with commercial halibut trollers, skiff and partyboat halibut sportfishermen, and
scuba divers (spearfishermen). These competing user groups feel that halibut landings of the relatively few
nearshore trawlers are at the expense of fishermen using less-efficient gear. They also feel that long-term halibut
landings, as well as the short-term halibut "bite", are negatively affected by disruptions of shallow benthic com-
munities, mainly during the summer months. To help
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alleviate some of these problems, permit conditions were modified several times during the AGDP by establishing
"buffer areas" to separate the various user groups.

Scottish Seine
Although this gear was relatively successful in catching marketable halibut (46 lb/h), it is not considered a feasible
alternative to gill nets for five reasons: i) It demonstrated a high incidental catch of sublegal halibut (71% by num-
bers), other flatfish, elasmobranchs, and prohibited fish species, although this problem may be reduced by increasing
the mesh size. ii) The gear uses a large amount of warp, thus necessitating a large fishing area and precluding other
fishing activities. iii) The gear is primarily designed for offshore use, and consequently is significantly affected by
wind, currents, and tides in the nearshore areas. iv) The gear is costly and requires a long learning period, thus ne-
cessitating significant start-up and operating capital. v) The gear requires a boat larger than 40 ft, a length that pre-
cludes many smaller nearshore vessels. The high incidental catch of sublegal halibut may be a result of the 4.5-inch
mesh. The small mesh was authorized by the CFGC for experimental testing because it conformed with federal
groundfish regulations.

Pair Trawl (Halibut)
Several problems were evident during the relatively few tests conducted with this gear: i) The pair trawl demon-
strated high incidental catches of sublegal halibut, skates, and Dungeness crabs. ii) Numerous vessel and equipment
problems were encountered, resulting in overall lower-than-expected success. iii) The gear requires a long learning
period. iv) There are difficulties in finding cooperative crews. v) Profits need to be split between two vessels and
two crews. In spite of these problems, the pair trawl showed considerable potential for catching marketable halibut
(66 lb/h) and starry flounder, and the gear was not a threat to seabirds or marine mammals during the test months
(August through October). The permittee felt that with additional gear modifications and testing, the pair trawl may
at least prove comparable to otter trawls in its ability to land halibut.

Beam Trawl
Landings of halibut were poor during the test months (July through October). The learning period for the beam trawl
appears excessive, and the potential for gear problems and unsafe operating conditions are relatively greater than
with other gear. Even though there was no threat to seabirds or marine mammals, the beam trawl could not match
the effectiveness of otter trawls and is not a suitable alternative to gill nets.

Traps
The conical trap design was moderately successful in catching halibut. Total 1988 landings were low (34 legal
halibut); however, the conical traps fished more successfully than the rectangular traps during the 3-month period
(36 test days). Combined landings for 1988 averaged 4.8 halibut per trap. The incidental catch of sublegal halibut
(about 6% by numbers) and other non-target species
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was low, and the physical condition of halibut was generally good. Also, none of the trap designs were a threat to
seabirds or marine mammals. The fisherman suggests a minimum of 50 traps would be required for a successful,
small-boat trap fishing operation, and he feels it would be reasonable for a single operator to handle that quantity.
However, the vessel used for these tests was small (24 ft). The fisherman felt a larger vessel with greater speed and
more working space would be preferable. He was concerned about the relatively low average weight of trapped, leg-
al-size, halibut (5.1 lb per fish); the San Francisco area market prefers halibut over 10 lb. However, he felt that trap-
ping during summer months when larger fish are concentrated nearshore, and additional modifications of trap
design, may result in landing larger or more fish. Beyond the initial start-up expense of purchasing gear, the over-
head of a trap operation is relatively low. Although trap landings of halibut cannot match the volume taken by nets,
the fisherman feels they show sufficient potential for continued experimentation.

Pair Trawl (White Croaker)
Landings of white croaker improved through the 3-year test period. However, the permittee feels continued testing is
needed to determine if favorable white croaker catches can be sustained, and if incidental catches, mainly Dunge-
ness crabs, can be minimized. Further trials with additional gear modifications are planned through 1989.

Bottom Longline
Poor catch results during the bottom longline tests suggest this gear cannot be considered a feasible alternative to
gill nets. Although the groundline used for these tests was #-inch braided nylon, the fisherman felt that ¼-inch Sam-
son braid, #-inch lead line, or lighter stainless cable would also be satisfactory. However, such gear modifications
would not be expected to improve catch results appreciably. More detailed test results and evaluation are found in
Thornton (1988).

Troll Gear
A combination of limited effort and lack of experience contributed to poor results in both series of trolling tests. Dif-
ferent fishing seasons possibly accounted for success differentials between the two series. The first series was more
successful. These tests (CDFG) were conducted during April through October, months that usually are more pro-
ductive for halibut. The second series (CRC) was conducted from October to early December, months that are gen-
erally less productive. The CRC has scheduled further testing of troll gear during spring and summer 1989.

A viable "wire line" fishery exists for halibut off central California; however, catch and effort data are limited.
Commercial salmon trollers and halibut gill netters are known to expend effort trolling for halibut with standard sal-
mon trolling gear (flashers with hoochies). These fishermen have reported (undocumented) catches of one to four
legal-size halibut per fishing hour. Such reports kindle optimism that trolling may occasionally be an economically
efficient method for catching halibut. However, it is likely trolling will prove feasible only
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during favorable weather from late spring through early fall when halibut concentrate in nearshore waters.

CONCLUSION
All tested gear types satisfy one of the primary objectives of the AGDP; i.e. they do not appear to seriously threaten
seabirds or marine mammal populations. However, results to date indicate only otter trawls catch halibut economic-
ally at rates approaching and exceeding gill and trammel nets. Prior to the AGDP annual landings from most gill net
vessels were between 1000 and 10,000 lb of halibut per vessel; a few vessels occasionally landed 15,000–20,000 lb/
year. The AGDP demonstrated that otter trawl vessels each have the potential to land 30,000–35,000 lb/year. Given
this high efficiency of otter trawls in capturing halibut, it is unlikely they will be a reasonable alternative for the ma-
jority of displaced gill net fishermen.

Three other gear types, troll gear, pair trawls, and traps, are not as efficient as otter trawls at landing halibut.
However, experimentation with these gears was limited and they may yet have potential as alternatives for at least
for some displaced halibut fishermen.

The take of white croaker with a small-mesh pair trawl appears encouraging; however, catches are still inconsist-
ent. Further experimentation is recommended if the permittee feels the gear has potential.

Alternative gear experimentation with both fisheries (halibut and white croaker) is scheduled to continue through
1989. Recommendations concerning the continuation of the AGDP, or the establishment of permanent fisheries, will
be made at that time.
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ABSTRACT
We describe the results of analyses which examined the landings of California halibut, Paralichthys californicus, in
the shore, private boat, and commercial passenger fishing vessel (CPFV) sectors of the California recreational fish-
ery from 1980 through 1987. Data from the Marine Recreational Fishery Statistics Survey were used to ascertain the
impact of each sector on the fishery and to generate total mortality estimates. Private boat fishermen exerted close to
75% of all effort on the fishery with an average of 72,000 fish landed annually. Shore and CPFV fishermen accoun-
ted for 11 and 14% of total landings, respectively. Estimates of total mortality showed an increasing trend towards
the female population since 1984, which suggests that females may be particularly susceptible to overfishing by re-
creational anglers. While all three sectors of the fishery should be addressed in future management considerations,
our results empahsize the need to consider the growing impact of private boat fishermen on the resource.

INTRODUCTION
The California halibut, Paralichthys californicus, is a highly esteemed food and game fish of considerable value to
California's commercial and recreational fisheries. Annual landings1 for both fisheries dating from 1947 have shown
similar cyclic fluctuations with high landings in the late 1940s and mid-1960s, and low landings in the late 1950s
and late 1960s (Frey 1971; Methot 1983; Reed and MacCall 1988). However, new recreational fishery regulations
were adopted by California in 1971 that set a uniform legal minimum size limit of 559 mm (22 inches) with no tol-
erance for undersized fish (Klingbeil 1983). Since then, the total annual landing records of the two fisheries, as re-
ported by the
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2 In this paper, the CPFV fishery is defined as any boat operated by a licensed captain on which recreational fishing space and privileges are
provided for a fee and can include both what are commonly referred to as "partyboats" as well as charterboats.

California Department of Fish and Game (CDFG), have not paralleled one another. Commercial landings have
steadily increased with 537 metric tons taken in 1987 (Pattison 1988) which may reflect the efficiency of set nets,
now the dominant commercial fishing gear used (Methot 1983). In contrast, recreational landings, as reported in the
logbooks of commercial passenger fishing vessel (CPFV) operators2 , have remained consistently depressed.

Explanations for the lack of resurgence in CPFV halibut landings may include the overexploitation of adult stocks
by commercial fishing, naturally occurring population fluctuations, a northern shift in the population center, altera-
tion of nursery habitats, or some combination of these factors (Plummer et al. 1983).

Historically, the loss of habitat, specifically embayments which are occupied by young-of-the-year halibut (Allen
1988), has been a major contributor to the decline of many estuarine-dependent species. If habitat loss was a critical
factor, one would expect a similar downturn in landings for the commercial fishery. Similarly, if overfishing, natural
population fluctuations, or population-center shifts explained the low CPFV halibut landings, then a convergence in
the commercial and recreational landings should occur rather than the observed divergence. With length frequencies
of commercially caught halibut remaining relative stable (Reed and MacCall 1988), it must be questioned whether
the recreational database itself—that is, the CPFV logbooks—accurately reflect the recreational fishery. It is this
database that is frequently referenced to illustrate the extent this resource has been depleted (e.g. Martin 1983).

While arguments on the status of California halibut have reverberated for a number of years, there has been no at-
tempt to determine the adequacy of using CPFV landing records for assessing halibut status. Inasmuch as CPFVs
cannot profitably target on halibut due to their scarcity (Methot 1983), CPFV records on their own may be a poor
measure of relative abundance. Because the halibut recreational fishery also includes a shore-based sector and a
private boat sector, a more suitable approach may be the examination of all three sectors. The shore-based sector in-
cludes all fishing activity from man-made structures such as piers, docks, and breakwaters as well as from the beach.
The private boat sector includes both moored and launched boats as well as rental boats.

The only comprehensive, long-term effort for the simultaneous monitoring of all three sectors of the recreational
fishery is the Marine Recreational Fishery Statistics Survey (MRFSS) conducted by the National Marine Fisheries
Service (NOAA Fisheries). The MRFSS has been conducted on the Pacific coast since mid-1979 and incorporates
an elaborate data collection methodology for obtaining reliable data on the recreational fishery.

The MRFSS consists of two complementary surveys, a telephone survey of households and a creel or intercept
survey of fishermen at fishing sites. The telephone survey of households is used to estimate fishing effort, while the
intercept survey is used to estimate catch per unit of effort. The data from the two independent surveys are used to
estimate total fishing effort, participation, and catch for all three sectors of the recreational fishery by species for six
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2-month sampling periods each year (U.S. Dept. Commerce 1984–87; Witzig 1988).
In this paper we examine the landings of California halibut in all three sectors of the recreational fishery in Cali-

fornia since 1980. Data from the MRFSS were used to ascertain the impact of each sector on the recreational halibut
fishery. Finally, we discuss the utility of the MRFSS and the CPFV logbook databases in assessing the impact of re-
creational fishing activity on important species.

METHODS
Data Sources
CPFV Logbooks
Landings data from the California CPFV fleet were obtained from monthly logbooks completed by CPFV operators
and submitted to the CDFG. These logs of passengers' catch are tallied on a daily basis and are required of any ves-
sel operator taking passengers fishing and charging a fee (Young 1969). California law mandates that vessel operat-
ors complete their fishing logs between the time that fishing has concluded for each trip and the time that passengers
disembark from the boat. The number of boats reporting in 1980–87 ranged from 323 reporting vessels in 1984 to
291 vessels in 1981. While vessel operators report total landings per species, effort, and location information, only
catch data for California halibut were used in this study.

Marine Recreational Fishing Statistic Survey
The MRFSS is comprised of a telephone survey of randomly selected coastal county households and an on-site in-
tercept survey of saltwater anglers. From 1980 through 1987, 15,000–27,000 intercept interviews and
21,000–55,000 telephone interviews were conducted by the MRFSS annually in California.

The telephone survey was carried out in six 2-week periods of interviewing conducted near the end of each
2-month period of fishing activity. Each interview covered only fishing activity in each household in the previous 2
months. The prescribed telephone interview quota for each 2-month period varied with the amount of seasonal fish-
ing activity expected, with increased sampling occurring during months of greater fishing activity. The telephone
survey collected information on the number of fishermen per household, the number of finfishing trips by each
angler in the last 2-month period, and the type of fishing (e.g. shore fishing, etc.) for each reported fishing trip.

The intercept survey was designed as a stratified random sample with the fishing trip being the primary sampling
unit. Each stratum corresponds to one of the three fishing sectors in the fishery: shore, CPFV, and private boat. Data
obtained from fishermen included information regarding the fishing trip just completed, (e.g. time of fishing, gear
used); selected demographic information (e.g. state and county of residence), and identification and enumeration of
species caught. Length data were recorded for a sample of each species retained by the fishermen. Lengths were
subsequently converted to weights using length-weight formulas. Sampling was conducted continuously in six
2-month sampling periods from January through December for all years included in the analyses.

For estimation purposes, catch was recorded as catch available for identification (catch type A) and catch not
available for identification (catch type B).
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The latter category was further divided into two categories: catch used for bait, filleted, discarded dead, etc. (catch
type B1) and catch released alive (catch type B2).

Data Analysis
Data were analyzed for statewide landings of California halibut from both surveys from 1980 through 1987. Because
the MRFSS estimates are derived from aggregated bimonthly samples, monthly California CPFV data were pooled
to form similar sampling units.

Estimates produced by combining data from the telephone and intercept portions of the MRFSS fall into three cat-
egories: estimates of the number of trips taken, the number of finish caught, and the number of participants in fish-
ing activities. For the number of trips taken, the estimate of coastal county resident trips was derived from the tele-
phone survey and projections of the number of full-time occupied housing units in the coastal dialing areas. The
mean number of fishing trips reported in the telephone survey was multiplied by the estimated number of full-time
occupied housing units in the survey dialing area to estimate the total number of marine recreational fishing trips
taken by residents of coastal counties. Adjustments were made to account for fishing trips taken by state residents
outside the dialing area of the telephone survey and for out-of- state residents.

Estimates of California halibut catch and landings for each fishing sector were calculated from the estimated total
number of fishing trips per sector and the average number of fish caught per trip and sector. Pearson product correla-
tion coefficients were used to measure the degree of association between catch estimates from the MRFSS and CP-
FV survey (Snedecor and Cochran 1967).

Estimates of catch at age were based on the development of sex specific matrices of length-at-age distributional
probabilities derived from the estimation of parameters for von Bertalanffy growth curves for male and female fish.
Parameters were estimated for male and female fish using a Marquardt modification of Gauss-Newton nonlinear
least square regression analysis (Ratkowsky 1983). Data were fitted to the equation: Lt = L (1 - e-Kt); where: Lt =
estimated length at age t L = theoretical maximum length K = growth coefficient t = age (Everhart et al. 1975). Data
for estimating the growth parameters were obtained from randomly sampled, aged, and sexed fish caught between
1955 and 1966 (C.A. Pattison, CDFG, pers. comm.). Ages were determined by otolith readings using whole surface
for fish < 750 mm and "cut and burn" for fish > 750 mm. The length-age probability matrices were developed from
the point estimates of length-at-age and the standard errors of the estimated lengths (Lt). The standard
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errors were used to calculate the probability that a fish at agei would be in length classj. Probabilities were calcu-
lated for 50-mm length classes (i.e. 1–50 mm, 51–100 mm, etc.) for all ages from age 1 to the maximum age
sampled for each sex. The matrices developed for male and female fish were combined to produce joint probability
matrices where each cell of the matrix was the proportion of the population in size classj that would be agei and
sexk.

Intercept data, consisting of length measurements of individual fish were categorized into appropriate 50-mm
length classes, and the frequency distributions of the measured catch for each year from 1980 through 1987 were
compiled. The proportion of the measured catch in each size class was multiplied by the estimated landings for each
year to obtain the estimated catch belonging to each size class. The estimated catches in each size class were then
multiplied by the joint probability matrix to obtain the estimated catch-at-age and sex.

Instantaneous total mortality rates (Z) were estimated for each year and sex using linear regression analysis. Data
were fitted to the equation: log(Nt) = log(N0)-Zt; where: Nt = number of fish caught of age t N0 = number of fish at
age 0 Z = instantaneous total mortality (i.e. F + M [fishing mortality + natural mortality]) t = age (Everhardt et al.
1975; Ricker 1975). For purposes of calculating Z, Nt was set at the age at which the species was fully recruited to
the fishery (Beverton and Holt 1957).

RESULTS AND DISCUSSION
Comparison of CPFV Data Sets
A comparison of bimonthly landings of California halibut between the reported CPFV logbook catch and the
MRFSS estimates show similar patterns with consistent annual increases during the spring-summer months and re-
duced landings during the fall-winter months (Figures 1 and 2).

The bimonthly oscillations of the two databases were correlated significantly although they did not reflect a close
association (r=0.27, P<0.0001). These seasonal pulses in landings as monitored by both databases may be related to
the reproductive behavior of halibut when adults annually move from deeper offshore waters to spawn in shallower
coastal waters during the spring months (Clark 1930a, 1930b).

While both databases depict similar catch patterns, the number of landings reported by the California database
was generally lower than that reported by
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FIGURE 1. Bimonthly landings (in thousands) of California halibut taken by recreational fishermen on board com-
mercial passenger fishing vessels (CPFVs) in California as recorded on CPFV logbooks. Each year is divided into

2-month periods
the MRFSS database (Figures 2 and 3. In 33 of the 47 bimonthly periods examined, the MRFSS estimates of halibut
landings exceeded those of the reported California CPFV landings. In total landings for 1980–87 inclusive, the
MRFSS estimated that 109,000 California halibut were taken by CPFV fishermen compared to the 58,000 reported
by CPFV operators for a 88% difference.

The discrepancy between the two sets of estimates may reflect underreporting by CPFV vessel operators. In 1986,
only 302 vessels of the 482 boats registered as CPFVs reported their catch for a 63% compliance rate. This is a sub-
stantial drop from 1969 when 372 of the 476 (78%) registered CPFVs submitted sportfishing logs (Young 1969). In
contrast, the MRFSS is a statistically designed survey with its estimates derived from a random sample of fishing
households and fishermen at fishing sites. It does not rely on the submission of data to generate catch estimates.

Total CPFV Catch
While the number of California halibut landings recorded in CPFV logbooks has been consistently low since 1971,
there has been a resurgence in commercial landings. However, one of the more startling catch statistics frequently
overlooked in commercial versus recreational arguments is the number of undersize halibut released alive by CPFV
anglers. Prior to 1971, undersized halibut were counted as part of the total CPFV catch. As shown for MRFSS data
in Figure 2, the number of halibut released by CPFV fishermen markedly exceeded the number of fish landed for all
years. For the 8 years
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FIGURE 2. Bimonthly catch estimates (in thousands) of California halibut retained and observed by the interviewer
(type A catch); caught and filleted, released dead, or discarded (type B1); and released alive (type B2) by recre-
ational anglers on commercial passenger fishing vessels in California as estimated by the Marine Recreational

Fishery Statistics Survey
included in the analysis, the annual average of legal-size fish caught by CPFV fishermen was only 18% of the total
catch.

Total MRFSS catch values for CPFV fishermen, the sum of retained and released halibut, are somewhat reminis-
cent of particular peak landings reported by CPFV vessel operators prior to 1971 (Young 1969; Reed and MacCall
1988). For instance, the CPFV logbooks show peak landings in the years of 1947–49 and 1962–64, averaging
118,000 and 129,000 halibut, respectively. Based on MRFSS estimates, an average of 90,000 halibut were taken in
1985–87. The highest number of halibut taken prior to 1971 for any year during 1947–71 occurred in 1948 when
CPFV fishermen landed 143,000 halibut. Based on the MRFSS, the highest estimated total catch of halibut by CPFV
fishermen was 160,000 in 1987 (Figure 2).

Significance of CPFV Fishermen
Based on MRFSS estimates, the CPFV fleet as well as shore-based fishermen account for only a fraction of the total
number of California halibut landed by recreational anglers. As illustrated in Figure 3, both shore and CPFV fishing
segments reflect a consistently similar trend for the 8 years examined, with CPFV fishermen generally landing a
higher number of halibut than shore-based fishermen. Annual summaries of the MRFSS estimates for all three sec-
tors of the fishery in 1980–87 indicate that, of the total recreational landings of halibut, approximately 11% of the
total are landed by shore anglers and 14% by CPFV
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FIGURE 3. Bimonthly landing estimates (in thousands) of California halibut retained (catch types A + B1) by recre-
ational anglers in California for three sectors (modes) of the fishery

fishermen. The private/rental boat sector of the fishery accounts for approximately 75% of the halibut landings.
Comparisons of the MRFSS landings estimates found a significant but not particularly strong correlation between
private boat fishermen and CPFV fishermen (r=0.37, P<0.01). No significant relationships in estimated landings
were found between any other sector's estimates produced by the MRFSS and the CPFV landings estimates.

In addition to accounting for only a fraction of halibut landings, CPFV fishermen also account for the smallest
percentage of the total marine recreational fishing effort exerted in coastal waters, exclusive of trips directed at sal-
mon (Table 1). Based on MRFSS estimates for 1980–86, approximately 19% of all marine recreational fishing trips
were taken by CPFV anglers compared to 36% for private boat fishermen and 45% for shore fishermen (U.S. Dept.
Commerce 1984–87).

The lower effort by CPFV fishermen may account for the decline in the proportion of the recreational halibut at-
tributable to the CPFV fleet compared to 25 years ago (Reed and MacCall 1988). In contrast, the proportion of land-
ings coming from shore and private boat fishermen has increased (Methot 1983). One explanation for this shift is
that the CPFV industry may no longer target halibut as it did prior to 1971. Halibut fishing is largely opportunistic
which does not allow CPFV vessel operators to guarantee their patrons a successful day of fishing.

Graefe and Felder (1986) reported that overall satisfaction in fishing directly relates to such subjective evaluations
of the fishing experience as "perceptions that fish were biting" and the "desire to catch more fish." With the excep-
tion
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TABLE 1. Annual estimated number (in thousands) and percent of total fishing trips by California marine recre-
ational fishermen by fishing sector (Source: U.S. Dept. of Commerce, 1984–87). Estimates do not include fishing

trips directed primarily at catching salmon.
of chartered trips, CPFV vessel operators, from an economic standpoint, would tend to fish in areas providing
greatest fishing opportunities which precludes fishing in areas inhabited by halibut. California halibut occur on open
sand bottoms which provide a low catch rate for bottom fishing patrons on the boat. Further, barren sand bottoms
provide little opportunity for incidentally landing other species. Hence, the trend by the CPFV fleet away from tar-
geting on halibut may not change as long as current fishing regulations remain intact.

Impact of Private Boat Anglers
Private boat fishermen consistently account for the majority of California halibut landings compared to the other two
components of the recreational fishery (Figure 3). The average for 1980–87 landings was 72,000 fish annually.
Since 1984, there has also been an increasing trend in annual landings by private boat fishermen while the other two
segments of the fishery have remained generally stable.

With this fishing pressure placed on the fishery, a concern of management is knowing what proportion of the fish-
ery is being harvested. Length-frequency distributions for each year show that the majority of fish retained by sport-
fishermen are at the 550-mm size class and have just recruited into the fishery (Figure 4). Interestingly, estimated
landings by sportsmen of sublegal halibut range between 2 and 6% of total landings for any given year.

Based on recorded lengths-at-age data (C.A. Pattison, pers. comm.), the majority of males taken are between 5
and 8 years old (Figure 5) and the majority of females are between 3 and 6 years old (Figure 6). Haaker (1975) re-
ported that males matured at approximately 200 mm and females at 375 mm. Thus the recreational fishery appears
to be targeting fish which have had the chance to have spawned at least once.

Total mortality (Z) rates for male halibut have remained stable since 1980 with no significant difference among
the annual estimates of Z since 1980
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FIGURE 4. Annual length-frequency distributions as percent of catch for recreationally-caught California halibut
by anglers fishing in waters off California

FIGURE 5. Estimated annual catch-at-age distributions of male California halibut landed by recreational anglers
in California for 1980–87
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FIGURE 6. Estimated annual catch-at-age distributions of female California halibut landed by recreational anglers
in California for 1980–87

(Figure 7). If natural mortality is constant, then the instantaneous fishing mortality rate (F) for the male population
has not changed significantly over the last 8 years. Total mortality for the female population showed significant fluc-
tuations in the early 1980s and a gradually increasing trend since 1984 (Figure 8). Assuming a constant natural mor-
tality rate for the female population, these estimates indicate that the female population, may be particularly suscept-
ible to overfishing by the recreational fishery. If the apparent increase in mortality rates continues then additional
regulations should be considered.

CONCLUSIONS
1. The number of California halibut actually landed by CPFV fishermen is most likely higher than reported in the
CPFV logbooks as not all CPFV vessel operators submit their logs. Compared to the MRFSS estimates, the number
reported and the number landed may differ by as much as 90% percent for the 1980–87 study period.

2. Because released California halibut have not been considered a part of a fisherman's catch since the 22-inch
size limit with no allowance for undersize fish was imposed in 1971, comparisons between pre-1971 and post-1971
CPFV logbook landings are not valid.

3. Due to the likelihood that CPFV vessel operators do not specifically target California halibut, this component
of the recreational fishery is not considered an accurate indicator of relative abundance of halibut.

4. While California halibut may not be a target species of the CPFV fleet, many other species are targeted by the
fleet. Consequently, the results presented in this paper do not preclude the use of the CPFV logbook database for as-
sessing the relative abundances of other species. The use of the reported
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FIGURE 7. Estimated total annual instantaneous mortality rates for male California halibut. Vertical bars indicate
the 95% confidence intervals for the estimates

FIGURE 8. Estimated total annual instantaneous mortality rates for female California halibut. Vertical bars indic-
ate the 95% confidence intervals for the estimates
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CPFV catch for monitoring relative abundance of other species must be verified on a species-by-species basis.
5. Effort by shore-based fishermen directed toward California halibut is minimal and at a level comparable to CP-

FV fishermen.
6. Private boat fishermen exert close to 75% of all effort on the recreational California halibut fishery. This effort

has remained consistently high since 1980 and there are indications that it may be increasing. Considering that
private boaters catch more halibut and that they take more trips than CPFV and shore fishermen, it is reasonable to
infer that private boat fishermen exert the greatest impact on this resource of all recreational fishermen.

7. While all three components of the recreational fishery should be addressed in future management considera-
tions, primary emphasis needs to be given to the impact of private boat fishermen on this resource.

8. Estimates of total mortality indicate an increasing trend for the female population since 1984. Should this trend
continue, additional regulations must be considered to prevent overfishing of the reproductive stock.
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HISTORICAL CATCHES OF CALIFORNIA HALIBUT, PARALICHTHYS
CALIFORNICUS, BY THE COMMERCIAL PASSENGER FISHING VES-
SEL FLEET AND RECENT (1980–1987) BOAT CATCH ANALYSIS
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California Department of Fish and Game
330 Golden Shore, Suite 50

Long Beach, CA 90802

ABSTRACT
The California Department of Fish and Game has collected catch information from commercial passenger fishing
vessels (CPFVs) since 1936. Landings of California halibut, Paralichthys californicus, and appurtenant regulations
from 1936 through 1987 are reviewed. General catch areas were delineated showing Santa Monica Bay and the San
Francisco Bay-Gulf of the Farallons areas as the greatest contributors. Analysis of boat catches revealed that a small
number of vessels landed the majority of halibut. An index of presence and abundance showed highs in the spring
and a lesser peak in the fall in Santa Monica Bay, while in the San Francisco Bay-Gulf of the Farallons area, the CP-
FV fishery for halibut was generally in the summer months.

A DESCRIPTION OF THE COMMERCIAL PASSENGER FISHING VES-
SEL FLEET
California's commercial passenger fishing vessel fleet (CPFVs or partyboats) had its beginning around the turn of
the century (Young 1969). Vessels were small, around 20 ft (6 m), very expensive, not readily available to the gen-
eral public, and generally sought larger game fishes. Over the years vessels became larger and more affordable.
Through the 1920s and 1930s, the fleet grew in numbers and by 1939 had reached around 250 vessels. Although
World War II brought a virtual halt to partyboat operations, after the war there was a rapid expansion and moderniz-
ation of the fleet. Larger vessels with more powerful engines introduced greater ranges and better accommodations,
e.g. bunks and food services. The number of vessels registered as partyboats peaked in the 1951–53 period at over
1000 boats. Today there are about 500 registered CPFVs. Boats range in size from 20 ft to luxurious long-range ves-
sels of over 110 ft (33 m). The smaller vessels carry six or fewer passengers, require no formal U.S. Coast Guard in-
spections, and are referred to as "six packs".
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Partyboats operate from San Diego to Crescent City from about 35 locations. San Diego is generally considered
the saltwater sportfishing capital of the western United States, with five major landings: three on Point Loma and
two on Mission Bay.

Since 1936, the California Department of Fish and Game has collected partyboat catch and effort data as required
by the California Fish and Game Code, on logs provided by the Department. These logs form the basis for a long-
term (over 50 years) record of CPFV catches.

California halibut, Paralichthys californicus, has long been sought and prized by partyboat fishermen. In a survey
by Young (1969), CPFV operators ranked this halibut high on the list of importance to the southern California party-
boat fishery.

This paper reviews CPFV halibut catches (figures are rounded) and appurtenant regulations from 1936 through
1987 and delineates general areas of catch. A brief boat catch analysis for recent years is presented along with an in-
dex of presence and abundance.

CPFV HALIBUT CATCHES 1936–87
Landings of halibut have experienced wide fluctuations over the years for which records have been kept (Figure 1),
the highest catch (143,500 fish) occurring in 1948, shortly after fishing operations resumed following World War II.
At this time, 10 halibut with no size limit could be taken under authority of a sportfishing license. Previously,
halibut had been excluded from the list of species whose capture required a sportfishing license. The following year,
1949, experienced a 27% decline in catch to 104,600 fish. Annual landings continued a fairly sharp decline culmin-
ating in 1957 when only 10,800 halibut were recorded on CPFV logs. A limit of 10 fish with no more than 5 fish
weighing less than 4 lb (1.8 kg) was put into effect in 1956, a limit of 2 fish with a 22-inch (559-mm) minimum size
limit in 1957. Following a significant increase in partyboat halibut landings over the next 2 years, the 22-inch size
limit was lifted but a two-fish limit was retained. By 1961 landings had jumped over 300% to 108,000 fish and to
125,700 in 1963. A five-fish limit with no size restrictions was initiated during 1963. CPFV catches continued to
rise to the second highest on record (141,500 fish) in 1964. After 1964, landings declined precipitously to 1971
when only 10,600 halibut were logged by the partyboats. The current five-fish, 22-inch size limit became law in
1971.

GENERAL AREAS OF CPFV HALIBUT CATCHES
Based on port of landing, five general catch areas for halibut were delineated (Figure 2). Years were grouped by
decades, except for the 1936–47 period, and percentage distributions determined for the catches. The five areas and
their designators are:

·1. Northern California (N.CA)—all catches north of Point Conception.
·2. Santa Barbara to Port Hueneme (SB-PH)—all catches south and east from Point Conception to Port Hueneme.
·3. Santa Monica Bay (SMB)—all Santa Monica Bay landings.
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FIGURE 1. California halibut catches by commercial passenger fishing vessels, 1936–87. Since 1971, CPFV halibut catches have remained at historically very low levels, sinking to just over
3000 fish in 1984 during a warm oceanic regime. The 10-year average from 1978 to 1987 was only 7300 fish

·4. Long Beach to Newport Beach (LB-NPT)—all San Pedro-Wilmington to Newport Beach landings.
·5. South of Newport (NPT-S)—all landings south of Newport Beach including catches from Mexican waters landed in U.S. ports.

For the first three decades (1936–76), CPFV halibut catches were almost totally from southern California, south
of Point Conception (Table 1). Between 1968 and 1977, northern California partyboat catches increased to 3% of the
statewide total and to 24% of the total between 1978 and 1987. In 1983, the recorded northern California halibut
take exceeded that of southern California for the first time. This increase in northern California is mostly a matter of
fishing effort, with some partyboats seeking halibut more than in earlier years. During the 1982–84 El Niño there
was a lower availability of halibut to the southern California partyboat fleet.
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TABLE 1. Percentage distribution of California halibut catches by area, 1936–87.
Within southern California, the Santa Barbara-Port Hueneme area contributed least to CPFV halibut catches for

the entire 1936–87 period. Santa Monica Bay had the highest percentage of catches (67%) in the earliest period
(1936–47) and again in the most recent period (41%). Through the three intermediate decades, halibut catches were
more evenly distributed over the three areas from Santa Monica Bay to the south (SMB, LB-NPT, and NPT-S).

Partyboats report catches to the Department of Fish and Game by a series of numbered statistical blocks which are
each 10 min of latitude by 10 min of longitude. In northern California (N.CA), highest halibut catches were recorded
in northern San Francisco Bay and Gulf of the Farallons areas.

In southern California, the Santa Monica Bay area (SMB) consistently had the highest halibut catches.
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FIGURE 2. General areas of California halibut catches by commercial passenger fishing vessels. N.CA—northern
California; SB-PH—Santa Barbara to Port Hueneme; SMB—Santa Monica Bay; LB-NPT—Long Beach to Newport

Beach; NPT-S—south of Newport Beach

377



BOAT CATCH ANALYSIS
Distribution of Catch by Numbers
Catch data for vessels which landed at least one halibut were examined for 1980, 1982, 1984, 1986, and 1987. The
average number of CPVFs landing halibut was 169 and was fairly consistent except for the low catch year of 1984.
For each year, vessels were grouped according to the number of halibut caught. Analysis revealed that relatively few
vessels took the majority of fish (Table 2).

TABLE 2. Number of commercial passenger fishing vessels (CPFVs) landing California halibut by number of
halibut landed for selected years, 1980–87.

For the years sampled, 15.6% of the boats took 54.8% of the fish. Excluding the low year of 1984, 17.5% of the
boats took 60.3% of the fish. From a slightly different perspective, 89% of the CPFVs landing halibut took 50 or
fewer fish, whereas only 11% took 51 or more.

Index of Presence and Abundance (IPA)
In order to better quantify the spatial and temporal relationships of halibut available to the partyboat fleet, individual
boat catch records were used to identify key vessels in the two major catch areas of Santa Monica and San Francisco
Bays. Several vessels which targeted halibut were identified by their consistent and high annual catches. For each
vessel so identified, the average monthly catch per trip on which at least one halibut was caught was: IPA = C/T
where: C = sum of numbers of halibut caught in a month for a vessel T = number of trips in a month for the vessel A
trip was chosen as the base effort unit, rather than anglers, as an examination of raw data showed halibut catches to
be independent of angler numbers. For example, a key vessel had over 90 fishermen aboard on consecutive days;
however, 4 halibut were caught on one day and 48 on the next. Hours of fishing was rejected because of vagaries in
reporting. Plotting IPAs against months for each of the 5 years for which data were examined
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readily demonstrated the seasons of greatest abundance for halibut in each of the major catch areas (Figure 3).

Santa Monica Bay Area
Six vessels were considered to target halibut. Only one boat was included in all 5 years, while two were trackable
over 4 years and another for 3 years.

For Santa Monica Bay vessels, the years 1980, 1982, 1986, and 1987 had traditional high March-April levels of
halibut. Nineteen eighty-two produced highs in January and February. Lesser periods of abundance were manifest in
the fall months of October and November during 1980, 1982, and 1987. The lowest CPFV halibut catch year, 1984,
showed a low value IPA peak in March for one vessel. The IPAs of other vessels were also low, thus confirming the
scarcity of halibut in southern California during 1984.

Overall, the Santa Monica Bay IPA values range up to 21 for 1980. Values from 4.5 to 5.9 indicate moderate
abundance while values of 6.0 and higher indicate seasonal concentrations. IPAs of less than 2.0 denote times of
"slim pickins" for halibut fishermen.

San Francisco Bay Area
Trends in catch for partyboats fishing for halibut in the San Francisco Bay area were quite different than in southern
California, although data were sparse. In all but 1 year only two vessels were trackable; the other year, three vessels.
Catch was highest in the summer and almost no fishing for halibut occurred in the winter months, although there
was a single case of moderate IPA in January of 1984. In 1982, one vessel recorded four consecutive months of ex-
traordinarily high IPAs, ranging from 10.7 to 18.4 for June through September.

For both areas, the five year average IPAs for all vessels (Figure 3) showed similar patterns as for the individual
years. Variances were not computed but are obviously high from the wide ranges and small number of vessels stud-
ied.

SUMMARY
Halibut landings from California's commercial passenger fishing vessels were analyzed from logbook records of the
California Department of Fish and Game. Halibut catches fluctuated widely over the 1936–71 period, under varying
regulations. Since 1971, a five-fish 22-inch minimum size limit has been in place. Catches by CPFVs have been at
historically low levels, in a range of 3000 to 11,000 fish, during the last 10 years (1978–87) with an average catch of
7288 fish. The lowest recorded year, 1984, was during an anomalous warm water period (El Niño).

During the period 1936–77, partyboat halibut catches were predominately from southern California waters.
However, during the past decade (1978–87) northern California contributed 24% of the statewide total.

Analysis of boat records showed that relatively few vessels took a majority of the CPFV halibut catches. An index
of presence and abundance (IPA) was developed, which with simple calculations and temporal plotting, demon-
strated periods of greatest abundance for halibut available to the partyboat fishery. These were in March and April in
the Santa Monica Bay area and in the summer months in the San Francisco Bay and Gulf of the Farallons area.
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FIGURE 3. Five-year average indices of presence and abundance (IPA) of California halibut by month for selected
areas of northern and southern California
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ABSTRACT
Because of the importance of California halibut, Paralichthys californicus, to the southern California commercial
passenger fishing vessel (CPFV) industry, catch estimates and size composition of CPFV-caught halibut were de-
termined for 1985 through 1987, and the key CPFV fishing grounds for 1986 and 1987 were identified. This inform-
ation was gathered by onboard random sampling of CPFV trips between Point Arguello, California and the United
States-Mexican border. The results show that the area from Port Hueneme to Point Vicente produced 60% of the re-
tained halibut and 71% of the total catch in both 1986 and 1987. Catch estimates of retained halibut rose from ap-
proximately 7000 to 10,000 fish from 1985 to 1987. Catch estimates of released halibut remained stable at approx-
imately 50,000 fish. Time of peak catches of retained and released halibut was February through May. Mean lengths
of retained halibut changed little during the survey. Most of the halibut kept by anglers were near the 559-mm
(22-inch) minimum size limit, which indicates that the majority of CPFV halibut landings are dependent on a narrow
range of year classes. Retained halibut smaller than the size limit comprised 11.1% to 15.2% of the annual CPFV
halibut landings between 1985 and 1987; however, most of the sublegal halibut were within 20 mm of the size limit.
The average annual catch of legal halibut increased from about 5100 during 1976–78 to 7400 during 1985–87. The
average annual catch of short halibut increased from about 15,000 during 1976–78 to 50,000 during 1985–87. The
size composition of halibut was significantly different between the 1976–78 study and the present study. Most of the
difference in size composition was attributed to a large increase in the number of short halibut caught during the
present study.
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INTRODUCTION
Catch estimates and size composition of California halibut, Paralichthys californicus, caught by southern California
commercial passenger fishing vessels (CPFVs) have been determined for 1985 through 1987, and key CPFV fishing
grounds for 1986 and 1987 have been identified. The determinations are based upon data collected by the California
Department of Fish and Game's (CDFG) Southern California CPFV Monitoring Program. This ongoing study has
been collecting data on species composition, size composition, catch, and fishing effort in southern California since
July 1984.

An important species for both the sport and commercial fishing industries in California, halibut range from the
Quillayute River, Washington, to Magdalena Bay, Baja California, Mexico (Miller and Lea 1972), but the vast ma-
jority are caught in southern California. Sport-caught halibut are taken from shoreline, piers, jetties, barges, private
boats, and CPFV's. Information about catch, size structure, and major fishing grounds of each sport fishing mode is
incomplete for halibut.

According to the Marine Recreational Fishery Statistics Survey (MRFSS), 1981–86 annual sport catches of
halibut from San Luis Obispo County to the Mexican border comprised from 95% to over 99% of the U.S. Pacific
coast halibut sport catch. The MRFSS study also found that surveyed anglers annually ranked halibut either the first
or second most frequently targeted species in southern California. In the late 1960s, southern California sport fish
landing operators rated halibut fifth in overall importance to the southern California CPFV industry (Young 1969).
Between 1981 and 1986, the annual total catch (i.e. retained plus released fish) of CPFV-caught halibut contributed
between 6% and 18% of the total halibut sport catch (NMFS 1984, 1985, 1986, 1987). However, the CPFV fleet ac-
counted for 32% of the total halibut sport landings (i.e. retained fish) in 1985, and 24% in 1986 (S.J. Crooke, CDFG,
pers. comm.).

No individual study of the sport catch of halibut in southern California exists, but halibut are included in
coastwide sport fish surveys such as the CPFV logbooks program or the MRFSS study. The MRFSS project
provides a reliable long-term data base about sport fish catches throughout the nation, describing shoreline, man-
made structures, private boat, and CPFV modes of fishing. In addition, the CDFG conducted launch ramp surveys
from 1975 to 1978 and 1981 to 1982 of the southern California private boat fleet to determine the magnitude and
impact of this segment of the sport fishery on southern California marine fish stocks (Wine 1982). The CDFG also
gathered catch and length data of southern California marine sport fishes from the CPFV fleet during the mid-to-late
1970s (Collins and Crooke n.d.)

This paper provides more specific information about the catch, size composition, and major fishing grounds of
CPFV-caught halibut than is now available from other sport fish surveys, and compares its results on the above sub-
jects to the CPFV survey by Collins and Crooke (n.d.).
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MATERIALS AND METHODS
Data Collection
The Southern California CPFV Monitoring Program survey area extends from the United States-Mexican border
(but includes some fishing areas in Mexican waters such as the Coronado Islands) to Point Arguello, California
(Figure 1). The program conducts onboard random sampling of weekday (excluding holidays) CPFV trips on a year-
round basis. Only open-party ½-day, ¾-day, and full-day trips are sampled. Multiday, charter, weekend, and holiday
trips are not sampled due to inadequate manpower and because these trips often are filled to capacity and cannot ac-
commodate a sampler.

Samples are stratified by month and location in an attempt to reduce seasonal and geographical variability in pas-
senger loads and in species and size composition of catches. The number and types of scheduled trips for an upcom-
ing month is provided by the landing operators. We randomly sample approximately 5% of the monthly scheduled
open trips at each complex (a landing or group of landings that usually fish a unique and distinct area of the coast).

Samplers are assigned a schedule of selected boat trips each month. While on board, the sampler records such
data as number of anglers, amount of fishing time, type of trip, water depth, and the site (location) of each fishing
stop. The sampler's highest priority is to identify (to species) and count all fishes caught, both retained and released.
Recording fish lengths is a secondary priority; we measure fish to be released only when it does not interfere with
counting and identification. However, a higher proportion of retained fish are measured because this task is accom-
plished as the boat returns to port.

As it is difficult for a sampler to keep an accurate count and measure fish concurrently, site-specific length data
are not routinely gathered. The site-specific length data presented in this paper are from boat trips that either fished
at only one site or from trips where fish lengths could be attributed to a specific site.

In this study, length-frequency measurements are categorized as "retained" or "released" halibut instead of "legal"
or "short" halibut. "Legal" refers to halibut [>] the 559-mm (22-inch) minimum size limit, while "short" halibut are
< 559 mm. "Retained" rather than "legal" better desscribes the harvested halibut because anglers may release legal-
size halibut or, more commonly, keep short halibut.

Data Analysis
Catch estimates for weekday, open-party CPFV trips (that portion of the fishery randomly sampled) are expanded to
include open holiday and weekend trips, plus chartered weekday, holiday, and weekend trips. The expansion as-
sumes that weekday, open CPFV trips are representative of all CPFV trips. The boat trip information (the daily num-
ber of open and chartered ½-day, ¾-day, and full-day boats operated by each landing) used to determine the expan-
sion factor is provided by the landings' records.
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FIGURE 1. Southern California CPFV Monitoring Program survey area
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Catch estimates are calculated by month and complex. Monthly complex catch estimates were summed to obtain
annual, county, and southern California catch estimates. Catch estimates are calculated by the equation: CE = (F x
Tt) / Ts' where CE = catch estimate, F = number of fish in sample, Tt = number of trips from a complex, and Ts =
number of trips sampled.

Catch estimates within the text are accompanied by their standard deviations.

RESULTS AND DISCUSSION
Southern California Catch Estimates
The estimated catch of retained halibut rose steadily from 1985 to 1987 (Figure 2), while the estimated catch of re-
leased halibut remained stable (Figure 3). The ratio of released to retained halibut dropped from 6.5:1 in 1985, to
6.4:1 in 1986, and to 4.7:1 in 1987. The lower ratio in 1987 was caused by both increased halibut landings and de-
creased catches of released halibut. We found February through May was the time of peak catches for retained and
released halibut.

According to the CPFV logbook records, halibut landings have been cyclic. Our landing estimates have increased
during each survey year, but the time series is too short to be confident of any trend. Increased halibut landings
could be due to an increase of CPFV fishing effort directed towards halibut. However, surveyed CPFV skippers and
landing operators do not feel that fishing pressure has increased enough to account for the 43% increase in landings
between 1985 and 1987. Unfortunately, a satisfactory method for estimating catch per unit of effort (CPUE) for CP-
FV trips targeting halibut has yet to be developed. Assuming fishing pressure remained relatively constant, the ob-
served increase in landings may be due to increased survival of year classes spawned during the early 1980s reach-
ing the minimum size limit.

Catch Estimates by Site
Halibut were caught at 85 of 162 (53%) sampled sites in 1986, and 94 of 166 (57%) sampled sites in 1987. Malibu
Beach (Site 492, Figure 1) had the largest estimated halibut catch (retained plus released) of any individual southern
California site in both 1986 and 1987 (Figure 4). The five sites with the highest catch estimates accounted for 57%
of the southern California CPFV catch in 1986, and 50% in 1987. The site with the largest landing (retained halibut)
estimate in 1986 was the Palisades on Santa Catalina Island (Figure 1), and Point Mugu to Port Hueneme (Site 568,
Figure 1) in 1987 (Figure 5). The five sites with the highest landing estimates accounted for 58% of the southern
California CPFV halibut landings in 1986, and 49% in 1987.

387



FIGURE 2. Yearly catch estimates and standard deviations of California halibut retained by CPFV anglers in
southern California, 1985–87

FIGURE 3. Yearly catch estimates and standard deviations of California halibut released by CPFV anglers in
southern California, 1985–87

The area from Port Hueneme to Point Vicente (Site 481, Figure 1) produced an estimated 60% of the southern
California CPFV halibut landings and 71% of the total catch in both 1986 and 1987. In 1986, sites located in Santa
Monica Bay alone produced 43% of the southern California CPFV halibut landings and 48% of the total halibut
catch. In 1987, Santa Monica Bay sites produced 30% of the southern California CPFV halibut landings and 50% of
the total halibut catch. The high halibut catches of this area are due not only to the abundance of halibut found there,
but probably more importantly to its close proximity to
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FIGURE 4. Southern California fishing sites which produced the highest catch (retained plus released) estimates of
California halibut in: A. 1986 and B. 1987

FIGURE 5. Southern California fishing sites which produced the highest landings (retained) of California halibut
in: A. 1986 and B. 1987

large population centers and CPFV landings. Island and outer-bank sites produced only 8.0% and 5.6% of the CPFV
total halibut catch in 1986 and 1987, respectively, but they accounted for 36% of the landings in 1986 and 20% in
1987.

In 1986, the mean size of retained halibut from nearshore sites was 611 mm ± 77.66 SD (N = 181) compared to
699 mm ± 182.82 (N = 48) for retained halibut caught at island and outer-bank sites. In 1987 the mean size for re-
tained halibut caught from nearshore sites was 624 mm ± 105.85 (N = 184) compared to 726 mm ± 151.93 (N = 35)
for halibut caught at island and outer-bank sites. Halibut caught from San Diego County were not included in the
above data because of the inability to match fish length data to specific sites. Because of the larger average size of
halibut caught at island and outer-bank sites in 1986, anglers retained 55% of all halibut caught at these sites com-
pared to 11% at nearshore sites. In 1987 anglers retained 70% of all halibut caught at island and outer-bank sites but
only 15% at nearshore sites. This indicates anglers have a greater chance of catching a legal-size halibut at island
and outer-bank sites, but
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anglers seem unwilling to pay for long trips to catch halibut. Thus most of the CPFV fishing pressure for halibut is
directed to nearshore sites.

Catch Estimate by County
More halibut, both retained and released, were caught in Los Angeles County than in any other southern California
county during each year of the survey. Los Angeles County accounted for 76% and 73% of all landed halibut in
1985 and 1986, respectively, but produced only 51% in 1987. Ventura County showed the greatest growth in land-
ings during our sampling by increasing its share from 6% in 1985, to 17% in 1986, and to 34% in 1987. Even
though there seems to be a significant shift in halibut landings from Los Angeles County to Ventura County, most of
the difference is due to changes in landings from sites geographically close to one another. No site-specific data ex-
ists for 1985, but, according to Ally (1988), most of the increase in Ventura County landings from 1986 to 1987 are
due to increased landings at the two southernmost Ventura County sites, Point Mugu to Port Hueneme and South
Ventura Coast (Sites 568 and 567 respectively, Figure 1). Los Angeles and Ventura counties showed a similar, if
less distinct, pattern for released halibut.

Length Frequency
Mean lengths of landed halibut rose slightly in southern California between 1985 and 1987. Mean lengths among
counties were similar to one another (Figure 6). Most of the halibut kept by CPFV anglers were close to the minim-
um 559-mm size limit. Length-frequency histograms for retained halibut showed that the modal size class was
560–579 mm in 1985 and 1986. In 1987 the modal size classes were 560–579 mm and 580–599 mm (Figure 7).
These halibut were probably 5 and 6 years old (J.S. Sunada, CDFG, pers. comm.). Approximately 35% of the meas-
ured retained halibut were between 560 mm and 599 mm, and about 60–70% of the retained halibut were between
560 mm and 659 mm. This means that the majority of the CPFV halibut landings are dependent upon a very narrow
range of year classes, and the CPFV fleet is probably susceptible to decreased landings with the failure of even one
year class.

Modal size classes of released halibut were 420–439 mm (probably 3- and 4-year-old fish) in 1985, 480–499 mm
(probably 4-year-old fish) in 1986, and 340–359 mm (probably 2- and 3-year-old fish) in 1987. Length-frequency
histograms for released halibut are probably skewed towards the larger fish because we measure a higher proportion
of released halibut as they approach the minimum size limit. When halibut at or near the size limit are caught, they
are held on board the vessel while being measured by anglers and crew. This allows our samplers a greater chance to
measure these fish, as opposed to the clearly short halibut that are released immediately. Because of this bias, we did
not calculate mean lengths for released halibut. The emergence of the 340–359 mm halibut as the modal class in
1987 may mean another strong year class is being recruited into the fishery.

Halibut less than the minimum 559-mm size limit accounted for 11.1% to 15.2% of the annual CPFV halibut
landings between 1985 and 1987 (Table 1). Most of the short halibut kept were within 20 mm of the minimum size
limit.
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FIGURE 6. Mean length and standard deviation of California halibut retained by southern California CPFV
anglers by county, 1985–87

Halibut less than 540 mm made up 2.6% of the measured retained halibut in 1985, 4.5% in 1986, and 6.0% in 1987.
This suggests that inaccurate measuring (by anglers or samplers), fish shrinkage, or the temptation to keep a barely
short halibut, rather than misidentification of fish or ignorance of the minimum size regulations, are responsible for
most of the sublegal halibut being kept by CPFV anglers.

TABLE 1. Percent of California halibut shorter than the 559-mm (22-inch) size limit kept by southern California
CPFV anglers each year, 1985–87.

However, compliance with the minimum size limit by CPFV anglers is good when compared to compliance by
private boat anglers. Between 1975 and 1978, short halibut made up between 41% and 44% of the private boat
anglers' annual landings (Wine 1978, 1979a, 1979b). Short halibut accounted for 29% of the private boat landings in
1981 (Wine 1982), and 28% in 1982 (Ono 1982, Racine 1983, Ono 1983, Ono and Wolf 1986).
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FIGURE 7. Yearly length-frequency distribution of California halibut retained by southern California CPFV
anglers, 1985–87
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Comparison to the CPFV Survey of 1976–78
The estimated annual catch of halibut has increased since the mid 1970s (Figure 8). The consensus among ques-
tioned CPFV skippers and landing operators is that the CPFV industry now exerts more effort for halibut because
fishing success has improved over that of the 1970s. The average annual catch of legal halibut increased from 5148
± 935 SD during 1976–78 to an average of 7410 ± 1239 during 1985–87.

FIGURE 8. Comparison of yearly catch (legal plus short) estimates of California halibut from CDFG's 1976–78
study (Collins and Crooke n.d.) with that of 1985–87 (Ally et al. in prep.)

There was an even greater increase in the annual estimates of sublegal halibut. Collins and Crooke's (n.d.) data
showed an average annual catch of 14,951 ± 2417 halibut during 1976–78 compared to an average of 49,947 ± 5248
during 1985–87.

Most of the increase in the catch of sublegal halibut is probably due to the increased catch of very small halibut.
There was a significant difference (x2 = 74.8, 8 df, P < .001) between the length distributions of sublegal halibut
from the two studies, with most of the difference due to changes in the three shortest size groups (Figure 9). The
1985–87 size distribution has a higher frequency of halibut caught in the < 300 mm and the 300–399 mm size
groups. The 1976–78 distribution has a higher frequency of halibut in the 400–499 mm size group, but I feel this
number is inflated. More halibut of this size were kept during 1976–78 than during 1985–87 (S.J. Crooke, pers.
comm.). The CDFG launch ramp study of private boat anglers showed a decrease in the percentage of short halibut
being kept between the mid 1970s and the early 1980s. CPFV samplers measure a greater percentage of retained
than released halibut, so if a higher number of 400–499 mm halibut were landed during 1976–1978, it would in-
crease the number of measured halibut in that size group. Increased compliance to the minimum size limit is prob-
ably due to the increased availability of legal halibut
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and increased acceptance and greater awareness of the 559-mm minimum size limit by the CPFV fleet and anglers.

FIGURE 9. Comparison of length frequency distributions of California halibut retained by southern California CP-
FV anglers from CDFG's 1976–78 study (Collins and Crooke n.d.) with that of 1985–87 (Ally et al. in prep.)

The annual estimated catch of short halibut was increasing sharply from 1976 to 1978, but seems to have stabil-
ized by the time of our 1985–87 survey (Figure 10). Collins and Crooke (n.d.) felt that halibut benefited greatly from
the 1971 law that prohibited the take of halibut less than 559 mm. Our data show that there has been a significant in-
crease in the number of short halibut since the mid 1970s, possibly in part due to the same law.

The annual estimated catch of legal halibut increased by roughly 45% between the 1976–78 survey and the
1985–87 survey (Figure 11). This is well below the increased catch of short halibut between the two surveys. Al-
though CPFV anglers are now catching more than three times the number of short halibut than a decade ago, they
are not experiencing the same success with legal halibut. If the number of halibut caught by CPFV anglers is as-
sumed to be an indication of the population size of halibut, then either the population of legal-size halibut has not
grown at the same rate as the population of short halibut, or other modes of fishing such as private boat sport anglers
or commercial fishermen are benefiting more from the increased availability of legal halibut.

Recommendations
The purpose of this report was to provide information about halibut from an ongoing CPFV study (Ally et al. in
prep.) which was designed to provide data to discern general trends in catch and size compositions of fishes caught
by the

394



FIGURE 10. Comparison of yearly catch estimates of short California halibut from CDFG's 1976–78 study (Collins
and Crooke n.d.) with that of 1985–87 (Ally et al. in prep.)

FIGURE 11. Comparison of yearly catch estimates of legal California halibut from CDFG's 1976–78 study (Collins
and Crooke n.d.) with that of 1985–87 (Ally et al. in prep.)
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CPFV fleet. Because the CPFV study produces only limited information on individual species, the management re-
commendations for halibut are necessarily limited to the following.

The 559-mm minimum size limit should remain in place to protect the young halibut and maintain a large spawn-
ing potential. A workable method for establishing a CPUE estimate for CPFV trips targeting halibut needs to be de-
veloped. Monitoring the catch of sublegal halibut should be expanded since this data provide an indication of the
number of prerecruits and, hence, an early warning of diminishing halibut stocks.

Because generating catch estimates was the CPFV study's highest priority, too few released halibut were meas-
ured to sufficiently describe the size structure of sublegal halibut. For more precise information about these small
halibut, the sampling procedure would need to be changed so that length-frequency data become the top priority,
thereby sacrificing the accuracy of catch estimates. Since this is not desirable, other viable options are either to aug-
ment the length-frequency data by sampling CPFV trips expected to target halibut and measure all halibut caught, or
to begin to gather catch-estimate and length-frequency data for halibut alone.

However, to more fully understand the effects of sport fishing on the halibut resource, most research should be
directed towards the private boat fleet, since according to the MRFSS surveys (NMFS 1984, 1985, 1986, 1987), they
catch far more halibut than any other group of sport anglers.
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ABSTRACT
This study examines the population dynamics of California halibut to provide information needed for improved
management. A model is developed based on the assumption that catch-per-unit-effort data are proportional to the
population size of fish available to the fishery. The model identifies recruitment patterns into the fishery and ranges
of estimates for population and recruitment size. Simulations are used to investigate the effects of maintaining cur-
rent catch levels with alternative recruitment scenarios in the future.

Results indicate that levels of recruitment in 1985–87 were two to three times higher than levels in 1981–83. Sim-
ulations demonstrate that if recruitment remains at this high level and current catches continue, the population will
remain near, or continue to increase beyond, present high levels. If recruitment rates decline to the low levels of
1981–83 and catches continue at their current level, the population will decrease rapidly and the current catches
would not be sustained.

Management policy could be designed to react to any of the likely possibilities for varying recruitment. By monit-
oring levels of prerecruits, management could have knowledge of good or bad years in advance. Policy could then
be set, using quotas, closures, etc. on a year-by-year basis to meet the expected number of new recruits.

INTRODUCTION
The California halibut, Paralichthys californicus, is important to both the recreational and commercial fishery in
California. Both are subject to management regulations. Regulations are usually proposed in an attempt to improve
halibut catch and to allocate it among the fisheries. Personnel of the California Department of Fish and Game
(CDFG) try to predict the effect of proposed regulations on the resource and the fisheries.

Discussions about the need or impact of new regulations often focus on how regulating one component of the
fishery might affect the other. As an example,
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it is often asked how increasing the commercial halibut catch might decrease the recreational catch, and vice versa.
often these discussions portray the system as one fishery directly affecting the other, but this is an oversimplifica-
tion. Only by knowing the capability of the halibut population to reproduce and survive can an adequate discussion
take place concerning the impact of various harvest strategies on the halibut population and, thus, the impact of one
fishery on the other.

For example, if recruitment is high, the harvest to both components of the fishery might be increased. Or if re-
cruitment is low, the current harvests for one or both components might not be sustained.

Improved resource management requires a better understanding of the dynamics of the halibut population. This
paper presents additional information and develops a population dynamics model to increase our understanding.

MATERIALS AND METHODS
The Model
The model is based on the assumption that catch per unit effort (CPUE) is proportional to the population size each
year: Nt = Pt X k (1) where: Nt = the number of fish available to the fishery at time t Pt = an index of CPUE for the
fishery at time t k = a proportionality index A simple balance model connects the years (Walters 1986): Nt+1 = [Nt -
Ct] X S + Rt+1 (2) where: Ct = the harvest in numbers at time t S = the annual natural survival rate Rt+1 = the re-
cruitment in year t+1 By substituting equation 1 into equation 2 the formula becomes: Pt+1 X k = [Pt X k - Ct] X S
+ Rt+1 (3)

The Data
Information needed includes total catch over time, an index of CPUE over time, and an estimate of natural survival.
The total catch consists of a recreational component and a commercial component.
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Recreational Catch
Estimates of the recreational catch for the years 1980–86 were available from the Marine Recreational Fishing Stat-
istics Survey (MRFSS; NMFS 1984a, 1984b, 1985, 1986, 1987) and for 1987 (S.J. Crooke, CDFG, pers. comm.).
(Original estimates are shown as open circles in Figure 1.) Estimates of the total catch for 1981–87 were obtained
from MRFSS Table 1A and an estimate for 1980 was obtained from adding MRFSS Tables 2 and 3 as Table 1A was
not available.

FIGURE 1. Recreational catch estimates
The estimate for 1982 appears to be inconsistent with adjacent years, since it was the only component of the

halibut fishery that increased 300 percent from 1981 to 1982.
Most of the halibut brought ashore in whole form were available for identification, enumeration, and measuring.

They are designated type A by MRFSS. Those that were not brought ashore in whole form but were used as bait, fil-
leted, or discarded dead are type B1.

Estimates of the total catch by number and weight are available for type A fish (Table 1). By number, the catch of
1982 was unusually large; by weight it was not. The average weight shows that very small fish were caught in 1982
(Table 1). There is no other information supporting an unusually large catch of unusually small halibut in 1982. I as-
sume this value to be in error.

To correct for this inconsistency, calculations of the 1982 catch were revised (Table 2). The weight of the type A
catch divided by the average fish weight for 1981 and 1983 combined was used as a revised estimate of the number
caught in 1982. The number of type B1 fish from 1981 and 1983 divided by the corresponding number of type A
fish was used to estimate the percentage of
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type B1 fish expected for 1982. A combination of the two estimates gives a revised estimate of the total recreational
catch in 1982 (shown as the filled circle in Figure 1).

TABLE 1. Estimates of type A (fish landed whole) recreational halibut catch.

TABLE 2. Recreational catch estimates of 1981–83. (A = fish landed whole. B1 = fish used as bait, filleted, or dis-
carded as dead. Numbers without an asterisk are from MRFSS. Numbers with asterisk are new estimates.)

Commercial Catch
The weight of commercial halibut landings for each year is available from the CDFG Marine Fisheries Statistics
Unit in Long Beach. Since the average fish weight was not available, two estimates were used: a heavy weight of 3.5
kg/fish and a light weight of 2.0 kg/fish. These estimates were used to calculate a high and a low time series of total
commercial catch in numbers (Figure 2). The true value should be somewhere between the two (M. Vojkovich, CD-
FG, pers. comm.).

Total Catch
The total halibut catch for each year was obtained by adding the total recreational catch to each of the total commer-
cial catch estimates (Figure 3).
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FIGURE 2. Commercial catch estimates

FIGURE 3. Total catch estimates
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Catch Per Unit Effort
Estimates of CPUE are not available for the fishery, overall. The CPUE for the recreational fishery is available from
MRFSS for 1980–87 (S.J. Crooke, pers. comm.; Table 3; Figure 4). The MRFSS conducts a telephone survey each
year asking if respondents fished for halibut, if so how many hours did they fish for halibut, and how many halibut
did they catch when they were specifically fishing for halibut. This provides a consistent annual index of CPUE for
directed halibut catch expressed as halibut caught per hour fished. The model assumes that this index is representat-
ive of the halibut population and the fishery, overall.

TABLE 3. Catch and effort of directed halibut trips.

FIGURE 4. Recreational catch per unit effort
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Natural Survival
The annual natural survival rate of recruited halibut is presumed to be between the high (0.9) and low (0.8) estimates
of Reed and MacCall (1988). Both values are used. The two data sets of total catch combined with the two natural
survival rates produce four versions of the model to test and use.

Recruitment
Recruitment is modeled with the following two components: Rt = At X r (4) where: At = recruitment strength coef-
ficient in year t r = recruitment constant The model then becomes: Pt+1 X k = [Pt X k - Ct] X S + At+1 X r (5)

By changing the values in the A vector, several alternative recruitment scenarios can be tested.
If constant recruitment is assumed, the expected number of recruits would not change each year. This is modeled

by letting all values of the A vector equal 1. If recruitment is limited to a set number over time, and if the smallest
observed populations produce sufficient eggs to allow recruitment to reach the number, then this representation of
recruitment would be appropriate for our purposes.

Recruitment, however, may not have been constant. Values for each of the individual elements of the recruitment
strength vector cannot be estimated due to the small number of degrees of freedom. Although year-to-year variation
cannot be estimated, longer time scale patterns can be inferred. One part of the time series may have had lower
levels of recruitment than another. This is modeled by setting A to a value less than 1 for the period of lower recruit-
ment.

Fitting the Model
Since data are available for the total catch, CPUE, and natural survival, the values to be estimated are the propor-
tionality constant (k) and the recruitment constant (r).

Values for the recruitment strength vector (A) were supplied prior to estimating the values for k and r. Caution
was used in adjusting values within A to avoid overfitting the data. Rather than make a number of changes to indi-
vidual members of the A vector, sections of the A vector were adjusted.

Parameters were estimated by rearranging equation 5 into the form of a multiple regression with no intercept.
Pt+1 - Pt X S = (1/k) X Ct X S - (r/k) X At+1 (6)

Regression parameters became the following: B1 = 1 / k B2 = r / k (7)
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Model parameters are easily calculated once the regression parameters are known: k = 1 / B1 r = B2 / k (8)
Variances and confidence intervals are also calculated by standard multiple regression methods.

Testing the Model
Two stages of testing were performed. The first looks at the statistical relevance of the model by examining plots of
the model fit. The second tests for biological relevance by comparing observed to predicted harvest rates.

Testing the Statistical Fit of the Data
The statistical fit of the model is tested by comparing the observed to predicted population size, over time. Observed
population sizes are based on the current year's CPUE. Predicted population sizes are based on the preceding year's
CPUE. With estimated values for k and r, an observed data set can be compared to an expected data set. This fol-
lows from equation 5: Ot = Pt X k (9) Et = [Pt-1 X k - Ct-1] X S + At X r (10) where: Ot = observed population es-
timate in year t from CPUE information from year t Et = expected population estimate in year t from CPUE inform-
ation from year t-1.

Plots of the observed and the expected population estimates show the fit of the model and whether systematic bi-
ases exist.

Testing for Appropriate Harvest Rates
If the model still appears appropriate, harvest rates are calculated for the final 2 years by using the following equa-
tion: Ht = Ct / [Pt X k] (11) where: Ht = harvest rate at time t

With harvest rates and natural survival rates known, a rough estimate of the age structure of the fish available to
the fishery can be constructed. Proportions can be calculated in the following way: Fa = 1 X ([1 - H] X S)a (12)
where: a = age in years past full recruitment
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Fa = fraction present at beginning of age H = composite harvest rate (average of recent years)
Assuming that the harvest rate is similar for ages older than the age at full recruitment, the series of fractions can

be compared to a histogram of catch by age. At very high harvest rates, fish are not likely to survive to be seen at
older ages.

Catch-at-age records are available from gill net and trawl landing samples for the years 1985–88 (Sunada et al.
1990). The structure of the observed catch by age, for fully recruited ages, is compared to the structure calculated
using equation 12.

If the model is appropriate in its fit to the data and to biological realism, it can be used to estimate population and
recruitment sizes over the time series. In addition, it can be used to project population sizes in the future with altern-
ative recruitment and harvest scenarios.

Simulations Based on the Model
The population size can be projected forward using a combination of equations 2 and 4: Nt+1 = [Nt - Ct] X S + At X
r (13)

Using population estimates predicted for 1987 together with annual catch data and several alternative recruitment
strength coefficients, simulations can continue projecting the population forward. Simulations investigated the ef-
fects of maintaining current catch levels with a range of recruitment scenarios.

RESULTS
Constant Recruitment
Testing the Model
Testing the Statistical Fit. The model representing constant recruitment clearly did not fit the data. Values of k and r
that best fit the model produce residuals that are positive for the first half of the time series and negative for the
second half (shown for the model version with the low catch time series and the high survival rate, Figure 5).

The same general pattern held for all four versions of the model. When constant recruitment data were forced on
the model, it produced values for k and r that overestimated early population sizes and underestimated late popula-
tion sizes.

Variable Recruitment
Testing the Model
Testing the Statistical Fit. Due to the residual structure found under constant recruitment, the recruitment strength
coefficients were decreased for the beginning of the time series in an effort to correct the bias. When the values for
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FIGURE 5. Model fit with constant recruitment
the first 4 years were adjusted downward, the data fit the model very well (shown for the model version with the low
catch time series and the high survival rate, Figure 6). Values for the recruitment strength coefficient were 2 to 3
times lower for 1981–83 than for 1985–87 (Table 4). The same pattern of recruitment was found to best fit all ver-
sions of the model.

FIGURE 6. Model fit with variable recruitment
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TABLE 4. Recruitment strength coefficients and parameter values for model with variable recruitment. (SE rep-
resents standard error.)

Testing for Appropriate Harvest Rates. Average harvest rates over 1986–87 were calculated using equation 12
(Table 5). Knowing harvest and natural survival rates it is possible to calculate the fraction present at the beginning
of age from equation 12. The model predicts that the ratio of the number of fish captured in one age class to the
number captured in the preceding age class should roughly be 33 to 52%. Data from Sunada et al. (1990) show the
ratio actually ranges from 30 to 44%. The estimates from the model compare favorably with values estimated from
the gill net and trawl sampling data.

TABLE 5. Average harvest rate estimated for 1986–87.
Parameter Estimates. The population values calculated using equation 9, together with the recruitment values

over time for the four versions of the model, are listed in Table 6. The estimates vary depending on the version of
the model. As additional information is obtained about natural survival and about mean commercial fish weight,
these estimates can be fine tuned.
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TABLE 6. Population and recruitment estimates from model. N = Populations size in thousands; R = Recruitment
size in thousands.

Simulations Based on the Model
Recruitment rates greatly increased over the time series causing an upswing in the overall population levels. While
recruitment was low, the population was declining. While recruitment was high, the population was increasing. It is
uncertain as to what recruitment will do in the future. Possible scenarios include the following two extremes: that re-
cruitment could stay at the high 1985–87 levels, or that recruitment could return to the low 1981–83 levels.

Simulations tested the effect of keeping the catch at its current level under the two alternative recruitment scenari-
os. Equation 13 was used to simulate each of the four versions of the model. Catch levels were estimated as the aver-
age catch for the years 1986–87.

High Recruitment. Results showed that if recruitment rates remain high, the population will remain near or contin-
ue to increase beyond present high levels (Figure 7). Current catch levels could continue. A large population would
also bring other benefits. For a time, additional fish could be caught, reducing the population back to a smaller size.
Alternatively, the population would be better protected against occasional bad years, or years of low recruitment, if
maintained at high levels.

Low Recruitment. If recruitment rates decline to 1981–83 levels, the population will decrease rapidly with present
catch levels (Figure 8). The number of recruits expected and the 1986–87 average catch level are listed in Table 7.
The decline in the simulations occurs because more fish are caught or die of natural causes than are recruited each
year. The current number of fish caught would not be sustained. Current levels would not be caught as early as 1987
to 1989 (Table 7).

To have a constant population and harvest size, the number of recruits must equal the number of fish that die due
to both natural and fishing mortality. Catches would have to be reduced to 45 to 52% of current levels in order to
balance the lower recruitment (Table 7). This new catch is far below current catch levels and could be allocated
between the commercial and recreational fisheries in a number of ways.
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FIGURE 7. High recruitment simulations

FIGURE 8. Low recruitment simulations
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TABLE 7. Results of simulations.
It is important to note that the population sizes and recruitment sizes are likely overestimated and that the sustain-

able catch should actually be below the recruitment rate, to allow for natural mortality. Because of this, catch levels
would likely need to be reduced below those suggested, and current catches would likely not be met earlier than sug-
gested.

DISCUSSION
Development of the Model
The model is potentially limited by a number of factors. Some involve the biology and design of the model, such as
the way recruitment is represented or the way recreational CPUE represents the entire fishable population. Other
factors involve the mathematics of the model, such as the potential overfitting of the data. The most fundamental
limiting factor, however, is the small number of data points on which the model is based.

Only 8 years of data are used due to the unavailability of information on the recreational fishery prior to second
half of 1979. Although catch data from commercial passenger fishing vessels (CPFV) are available prior to 1979,
these data are only one component of the overall recreational catch and would not provide figures for the total recre-
ational catch. Similarly it would not be appropriate to construct figures for the recreational catch from the commer-
cial catch data as the dynamics of the two are significantly different. Without a longer time series of total catch, the
model is limited.

Recruitment in this model is not based on an earlier stock size or an overall recruitment rate. Reed and MacCall
(1988) assume that the majority of a cohort enters the fishery at age 5. In order to identify a stock-recruit relation-
ship, the population size in one year would need to be compared to the population size 5 years earlier. With only
eight data points available, a stock-recruit relationship would be based on only three points. This is clearly not
enough to produce a viable relationship.

Recruitment, as it is modeled here, assumes that sufficient eggs will be produced even at small population sizes.
This is supported by the work of R.J. Lavenberg (Natural History Museum of Los Angeles County, pers. comm.)
which found that 22-inch female halibut could produce 300,000 eggs per week, conservatively, in the laboratory.
The current representation of recruitment also supports density dependent recruitment rates, as the number of re-
cruits does not increase as the population size does.
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Changes in the recruitment strength coefficient might also be due to changes in availability, or changes in immig-
ration or emmigration, etc. It is possible that during the time period a much larger segment of the population became
available to the fishery. Whether the change was due to recruitment or availability, the question still remains: will it
continue?

Recreational CPUE in this model is used as an index of population size available to the fisheries (Beverton and
Holt 1956, 1957). An overall index is not available at this time. And CPUE cannot be obtained from each compon-
ent of the fishery. Even if it could, a common measure of effort would be difficult to find.

The recreational CPUE is based on a fishery that should not have become more efficient at catching fish during
the last 8 years. Information is based on trips directed at catching halibut and excludes undirected trips. The estim-
ates are based on straight telephone surveys and are not converted, expanded, extrapolated, or manipulated. The re-
creational fishery includes CPFV anglers, private boat anglers, and shore anglers. Since an overall CPUE estimate is
not likely to be reliable, and other CPUE indices for the fishery have associated limitations and problems, the recre-
ational index appears to be the most useful as an index of available population size.

Potential problems exist with the mathematics of the model. Seven data points are used to fit two parameters, k
and r. In addition, appropriate values are found for the recruitment strength coefficients. This could easily be con-
ceived as overfitting the data. Values of the recruitment strength coefficient were selected to be adjusted based on
the fit of the constant recruitment model. It was clear from the fit that the values for 1981–83 would have to be
lower than the values for 1985–87, with the value for 1984 at an intermediate value. One value was used for the 3
years 1981–83 and an intermediate value was used for 1984. Although these values were not estimated by multiple
regression methods, perhaps it does bring the number of parameters estimated closer to three or four.

The number of parameters which are estimated is not unreasonable and there are two major benefits. A much bet-
ter understanding of the system is possible through the current parameterization, and the current structure of the
model demonstrates the need for additional data and a longer time series.

Policy Implications
This work indicates that recruitment increased greatly over the observed time series. Simulations demonstrated that
the catch could continue at current levels if recruitment remained high, but if recruitment returned to low levels,
catch would need to be greatly reduced. The range of alternative scenarios provides an interesting challenge to the
resource manager.

If management knew the cause of the recent increase in recruitment, management may be able to predict future re-
cruitment levels. An El Niño event took place warming the sea surface of the northeast Pacific from September 1982
to November 1983 (Squire 1987). Such ocean warming may have caused changes in the population dynamics of
halibut. Laboratory work has shown that an increase in water temperatures improves growth and survival of halibut
prerecruits (R.J. Lavenberg, pers. comm.). Increasing the growth and survival of prerecruits would increase the ex-
pected number of recruits of each cohort
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involved. Since halibut don't fully recruit into the fishery until age 5, increased recruitment would be expected for at
least 5 years, when all of the prerecruits affected by the El Niño entered the fishery.

If the El Niño was responsible for the higher recruitment levels, recruitment will likely return to the lower levels
of 1981–83. In order to avoid overexploiting the halibut population, management could gradually reduce the allow-
able catch in line with sustainable yield projections, perhaps to 45–50% of current catches. This could be accom-
plished through direct methods such as catch limits combined with season closures or through indirect methods such
as gear restrictions. Reductions of this magnitude would have additional benefits, as suggested by Reed and MacCall
(1988), based on yield per recruit analyses. They stated that reducing fishing effort would raise the catch biomass,
and that optimal levels of fishing intensity were at approximately half of current levels.

Although the El Niño explanation is plausible, there is no proof that it caused the increase in recruitment or that
recruitment will return to 1981–83 levels. An alternate explanation for the observed recruitment pattern is that re-
cruitment may be highly variable and dominated by a range of environmental effects. A developed management plan
should be able to react to any of the likely possibilities: recruitment staying at high levels, recruitment returning to
1981–83 low levels, or recruitment varying greatly. In this case the policy must be to be able to gather information
on upcoming recruitment and react accordingly to the information.

If management would monitor the prerecruits over time, future recruitment and population sizes could be pre-
dicted. The knowledge of good or bad upcoming years would allow the fishery to react by using direct regulations
such as quotas and season closures when the quotas were met. Prerecruits could be monitored by sampling sublegal
halibut in the sport or commercial catch or in surveys. Harvests could be adjusted on a year-by-year basis to meet
the expected number of new recruits. This policy would be flexible enough to face a large variety of alternative re-
cruitment scenarios.

Additional Data and Research Needed
Continued monitoring of the halibut population and the collection of additional data are needed to improve the
present model. A longer time series of data would mean more accurate parameter estimates and/or the estimation of
additional parameters. At the very least, the time series of data on catch, effort, and CPUE should be continued for
all components of the fishery.

At present, population and recruitment estimates vary between versions of the model. Additional information on
natural survival rates and on average fish weight of the commercial catch would allow an analysis of one time series
of population and recruitment numbers instead of four.

Increasing the length of the data time series would also allow for a better understanding of the recruitment pro-
cess. Is there a stock-recruit relationship underlying the recruitment process that can be estimated, or is recruitment
dominated by environmental factors? To make more effective management policies, a better understanding of the re-
cruitment process is necessary.

If recruitment is based on a stock-recruit relationship, policies should facilitate experimentation with stock sizes
in order to estimate those which produce optimal yield (Walters and Hilborn 1976; Walters 1986).
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Recruitment may be largely driven by environmental factors. Caution is urged against spending large amounts of
money to study environmental processes; these usually involve correlative studies which do not show the causes.
Even if causative factors could be identified, environmental factors cannot be satisfactorily predicted, usually. For a
more detailed discussion see Walters and Collie (1988).

Current allocation arguments between the commercial and recreational fishermen will continue in any case. This
model can be used as an underlying population model in future attempts to study the effects of proposed manage-
ment policies on the fisheries and the population.

The monitoring of prerecruits and the collection of catch, catch at age, and effort information of the fishery, over-
all, should be increased to improve assessment of the halibut population. This model should be thought of as a rough
beginning for halibut assessment. Additional data will allow for improved population and recruitment estimation.
The parameters currently in the model are inherently necessary. Additional parameters or model specifications could
be eventually added to increase the model's ability to answer specific management questions.
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ABSTRACT
We describe development of a model used to evaluate the bioeconomics of culture for stocking of the California
halibut, Paralichthys californicus. Results from this model provide guidance for future research and preliminary es-
timates of feasibility. The model mimics growth of a cohort in culture from postlarvae to release, then in the ocean
from release to mortality from natural causes or the fishery. Costs of culture and the benefits of cultured fish to the
fishery are calculated. The latter are given in terms of number of released fish caught, biomass caught per release,
cost per fish caught, and net benefit per released fish. The cost of post-larval fish is shown to be a substantial part of
culture costs and should be reduced if possible. We demonstrate a graphical method for determining the release time
that minimizes cost per recruit. For current parameter values this value is about 300 d. Both culture costs and optim-
al release time are sensitive to costs of food and space. We graphically show the trade-off between high growth rate
and high costs of culture feeds. The cost of producing a recruit depends on post-release survival rate, but is not as
sensitive as expected because of a compensatory shift in optimal release age. Costs per released fish caught could be
near $5/fish if natural growth rates could be achieved in culture and the culture period could be extended to 300 d.

INTRODUCTION
In 1984 the Ocean Resources Enhancement Program (OREHP) began research to develop the biological and physic-
al means to culture and stock California halibut, Paralichthys californicus, for fisheries enhancement. In addition to
the biological research on culture and early life history (Gadomski et al. 1990), development of the culture/stocking
concept required concurrent economic evaluation. On the basis of past experience, we began this kind of evaluation
in the early stages of this project even before all of the data necessary to establish economic feasibility had been ob-
tained. Although the ultimate goal of our economic evaluation was to determine feasibility and optimal manage
ment policy, the main purpose of our early evaluation was to guide research and planning.
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We developed the mathematical models necessary for economic evaluation and performed the economic analysis
possible with currently available data. We did this by developing several computer programs based on these models
and incorporating available data into them. We then provided these models to other OREHP researchers so that they
could continue the economic evaluation as additional data became available. These models will enable them to con-
tinue to evaluate the culture/stocking concept as research progresses by refining estimates of parameter values in the
models and conducting further analysis. For information about the programs themselves see Appendix B.

Although the ultimate general goal of the evaluation is to determine economic feasibility (or at least to project the
total costs of culture and benefits of stocking), other specific goals have been important in the early stages of the
project. The primary purposes of the initial model were: (1) to evaluate dynamic behavior (i.e. to get an idea of how
the system "works"), (2) to establish which of the needed pieces of information were available and which were out-
standing, (3) to evaluate sensitivity of net benefits to unknown or poorly known parameters, and (4) to obtain a
rough idea of the costs of culture and stocking.

We first present the relevant background on California halibut. This is a review of what is known about the life
history, existing fisheries, and culture of these and related species. We then describe the models used in the com-
puter programs that were developed to evaluate culture and stocking of this species. These use parameter values
from the background section. Finally we present results of analyses using these programs and discuss their economic
implications.

FISHERY AND CULTURE BACKGROUND
Development of a model of the culture, stocking, and fishery systems requires a review of available information. In
this section, we describe existing information on life history, the fisheries, and culture performance for the Califor-
nia halibut. Information available on culture performance is limited; hence, some parameters from other similar spe-
cies that have been cultured are used.

Life History and Fisheries
The California halibut supports both commercial and sport fisheries in southern California (Figure 1). It is fished in
California and in Mexico and has experienced well-documented declines in catch leading to concern about the
health of the stocks. The U.S. commercial catch reached a peak of 4.7 million pounds in 1919 and declined to 0.26
million pounds in 1971. Since then there is some evidence of a recovery. It is not known whether this is a result of
the more restrictive regulations or due to natural fluctuations in abundance or availability (Methot 1983). For a more
complete historical perspective see Barsky (1990).
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FIGURE 1. History of the California halibut fisheries. The solid line is the total harvest by commercial fishermen.
The +'s are the harvest by commercial passenger fishing vessels. The X's are total harvests by sport fishermen

The commercial fishery for California halibut has traditionally been primarily an otter trawl fishery but, in recent
years, entangling nets have dominated the catch (Methot 1983). Since 1911 the use of otter trawls has been restricted
in nearshore waters in southern California (Clark 1931). In 1971, regulations were enacted that allowed trawling
within 3 mi of shore in the Santa Barbara Channel area. These same regulations established a minimum mesh size of
7.5 inches, a minimum size limit of 4 lb for commercially caught halibut, and season closures during the spawning
season (Karpov 1981).

The sport fishery for California halibut is primarily a hook-and-line fishery that has operated from commercial
passenger fishing vessels (CPFVs), man-made structures, shorelines, and private boats. The gear used is specialized
and there is little incidental catch of other species. Since the late 1960s, CPFVs have not been able to profitably tar-
get on California halibut, and the proportion of the sport catch taken by private boats has increased (Methot 1983).
Recently a sport fishery involving SCUBA gear and pole spear or spear gun has developed (C.A. Pattison, Califor-
nia Department of Fish and Game, pers. comm.). For a more complete historical description of the recreational fish-
ery see Oliphant (1990) and Helvey and Witzig (1990).

In spite of the long history and the economic importance of this fishery, relatively little is known about the life
history of California halibut. They spawn at depths of 6–20 m during the winter and spring, with the greatest fre-
quency occurring from February to May. The larvae and postlarvae are pelagic (Frey 1971; Plummer et al. 1983;
Lavenburg 1987). Young fish are common in embayments where they are believed to remain through the early ju-
venile
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phase, but it is not known whether the larvae settle in bays or migrate there after settlement (Plummer et al. 1983).
The size distributions of fish caught in embayments and in shallow coastal waters suggest that juvenile halibut can
reside in bays for a period of 2–3 years, reaching sizes there up to 30 cm standard length, but that most migrate to
sea when they reach a length of about 20 cm (Frey 1971; Haaker 1975; Barry and Cailliet 1981; Kramer and Hunter
1987; Kramer 1990; Hammann and Ramirez-Gonzalez 1990). Males may begin to mature when they are in their
second year, females 1 to 2 years later, and all fish are probably mature when they are 5 or 6 years old (Frey 1971).
California halibut may live as long as 30 years and attain weights up to 23 kg (Frey 1971).

Growth patterns of the California halibut have have been reported in terms of length-at-age data and length-
weight data. Length-at-age has been reported by Hulbrock (1974) for males ages 1 through 19 years and females
ages 1 through 18 years, by Frey (1971) for females ages 1 through 12 years, and by Haaker (1975) for males and
females ages 1 to 3 years. The three data sets appear to be consistent, so the data from Hulbrock were used to de-
scribe growth. We fit von Bertalanffy growth equations to the length-at-age data to obtain Lt = 1130 [1 - e(-0.1234 t

- 0.1114)] (1a) for males and Lt = 1440 [1 - e(0.118 t - 0.0852)] (1b) for females where Lt is total length in milli-
meters at age t years. The length-weight relationship for both sexes was determined by regression of Hulbrock's data
to be WL = 7.811 x 10-6 L3.048 (2) where WL is weight in grams at length L in millimeters. Reed and MacCall
(1988) report parameter estimates similar to these.

The growth rate of juvenile fish during the first 2 years is less well known. A linear growth rate with intercept set
at the initial post-larval size and the slope chosen so that size at 1 year corresponds to the von Bertalanffy growth
equations for the California halibut population (analysis of data from Hulbrock 1974), would lead to a slope of 0.061
cm/d. However, the slope of the von Bertalanffy growth equation itself at 1 year is lower, 0.030 cm/d for males and
0.038 cm/d for females. Kramer and Hunter (1987, 1988) report a growth rate of 0.033 cm/d (10 mm/month from
laboratory studies) and a size of 150 mm in bay/lagoon habitats at 9 months post settlement (0.039 cm/d). Growth of
halibut in Todos Santos Bay fit a line with a slope of 9.51 cm/year and an intercept at 8.98 cm for ages 1 through 7
which indicates a growth rate of 0.051 cm/d during the first year and 0.026 cm/d in subsequent years (Hammann and
Ramirez-Gonzalez 1990).

Adult mortality rates have not been directly estimated for California halibut. Reed and MacCall (1988) used a
method based on the longevity of the species (cf. Hoenig 1983) to estimate the average annual instantaneous total
mortality rate to be 0.15/year. This method is biased low depending on sample size (Hoenig 1983). In their analysis
of the California halibut fishery, Reed and
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MacCall (1988) used the values 0.1 and 0.2/year. The natural mortality rate for Pacific halibut, Hippoglossus steno-
lepis, off the coasts of Washington, British Columbia, and Alaska has been reported as 0.31/year, but this estimate
may be biased upward because of loss of tags from fish used in these studies (Myhre 1967). The Pacific halibut used
to estimate mortality rates were larger than the average size of the California halibut and so would be expected to
have lower natural mortality rates (if mortality were due to predation). However, because of the potential bias in the
estimate of mortality for Pacific halibut, 0.3/year is a reasonable upper limit for the natural mortality rate of adult
California halibut. This value is consistent with values for similar species (Pauly 1979).

Mortality rates of juvenile halibut differ from those of adults but are similarly poorly known. Annual instantan-
eous mortality rates for a similar species, the speckled sanddab, Citharichthys stigmaeus, were estimated by Ford
(1965). He estimated mortality rates both from the rate of decrease in density and directly from the age structure in
1962 and 1963. Because his age-structured estimates assume that recruitment has been constant, we have used only
the estimates from the rate of decrease in density. The averages of the annual instantaneous mortality rates corres-
ponding to the monthly percent survival reported by Ford are 2.286, 0.624, and 1.080/year for fish of age 0, 1, and 2,
respectively. All three age classes of sanddabs are smaller than 1-year-old California halibut, thus the halibut would
be expected to have lower mortality rates at age. In view of the paucity of mortality rate estimates for California
halibut, we use a range of natural mortality rates in our economic evaluation.

Culture Performance
The information required to develop a model of the culture system comes from several sources. Biological informa-
tion on culture of this species is relatively scarce, hence we have had to rely in part on information from other cul-
tured species. Information on the components of the physical plant and their costs are also occasionally borrowed
from other culture schemes.

The biological information needed for aquaculture is a description of how the organism responds to the environ-
ment provided in the culture system. In particular this would be growth, survival, food and oxygen consumption,
waste production, and subjective criteria such as fitness for stocking or condition of flesh. Ideally each of these
could be fully described over a range of environmental parameters such as temperature, oxygen levels, and feeding
rates that affect the cultured species. Some of this information has been and is being developed within the OREHP
project—in particular, information on the maintenance of spawning stock and growth and survival of the egg, larval,
and juvenile stages. For older life history stages, information has been limited to observations of growth of captured
individuals and growth data incidental to other experiments which may not reflect the potential growth rate of cul-
tured fish. This presents a significant limitation to the precision of a detailed model, because costs are sensitive to
growth rate. Preliminary estimates of parameters such as food conversion rates and tolerances for minimum dis-
solved oxygen levels and maximum ammonia concentrations have been taken from culture systems for similar spe-
cies.

For many species, the aquaculture environment is adjusted so that growth rate is greater than that observed in the
natural environment. Stephens et al.
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(1988) in Table 7 of their annual report indicate growth rates of 0.019 and 0.028 cm/d for the first 97 d after hatch-
ing of California halibut at approximately ambient temperatures (16°C) and elevated temperatures (28°C) respect-
ively. These growth rates are somewhat lower than estimates for the wild population but include the metamorphosis
to the juvenile form during which the fish changes its shape significantly. Captured individuals raised in the laborat-
ory yield similar growth rates (0.026 cm/d, Kaupp 1989 and 0.025 cm/d, Innis 1990) when raised over several years.
The juvenile growth rates eventually attainable in an aquaculture system may be higher when the environmental re-
quirements of the larval and juvenile stages are better known.

The nutritional energy requirements of fish can be partitioned into two categories: growth and maintenance.
Maintenance requirements include basal metabolism and activities such as movement and feeding. For fish the cal-
oric requirement for maintenance is commonly considered to be a power function of weight with the exponent fall-
ing between 0.6 and 0.8 and a coefficient dependent on activity level and body temperature. We have used a value of
0.69 for the exponent (from Townsend and Calow 1981, p. 27), and .05 kilocalories (kcal)/d for the coefficient in the
power function. Schmidt-Nielsen (1979, p.186) gives a value of 0.001 kcal/h for poikilotherms at 20° C (for body
weight in grams). However, this is a minimum estimate; active swimming can increase energy expenditures signific-
antly. For the purpose of this model we have assumed a level twice the minimum.

In rapidly growing fish a large portion of the diet is used in growth. In aquaculture, growth is often expressed in
terms of conversion efficiency, kilocalories of fish produced per kilocalorie of food. Food conversion efficiencies
for cultured fish vary depending on species, feed type, and culture system. Typically, values of 1:3 or 1:4 (Bardach
et al. 1972, p. 12) are considered to be very good. Reported values often include maintenance requirements. We use
1:3 in our standard model runs so that for each kilocalorie equivalent of weight gain the fish must be fed three times
that many kilocalories of food. This is added to the energy required for maintenance to determine total food kilocal-
ories in a time interval.

Oxygen requirements of cultured fish can be calculated using a mass balance equation by assuming that all food
that is not converted to tissue is oxidized. Approximately 0.275 g of oxygen are required to metabolize each kilocal-
orie of food. Aeration requirements can be calculated as the difference between the available dissolved oxygen and
this requirement. A value of 6.75 mg oxygen per liter is recommended as a minimum level that should be main-
tained for nonanadromous marine species (Poxton and Allouse 1982).

The most important waste product in this culture system will be ammonia. The effect of ammonia on the fish is
dependent on temperature and pH because ammonia is only toxic in the unionized form. The unionized portion is
sensitive to pH, being about 1% of total ammonia at a pH of 7 and 10% at a pH of 8 (Allen et al. 1984, p. 163). We
have assumed an intermediate value of about 5% which corresponds to a pH of about 7.5. Increasing levels of am-
monia first begin to inhibit growth, then at higher concentrations lead to mortality. For example, growth of Dover
sole, Solea solea, and turbot, Scophthalmus maximus, were unaffected by unionized ammonia concentrations of
around 0.1 mg/L, but levels of 0.3–0.9 mg/L prevented all growth (Poxton and Allouse
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1982). Brownell (1980) found values of 24-h LC50 near 0.4 mg/L and values that inhibited first feeding > 0.1 mg/L
for marine fish larvae of several species. Setting the unionized ammonia tolerance at 0.1 mg/L yields a total allow-
able ammonia concentration of 2.0 mg/L.

Waste products are removed from a culture system with the waste water that flows out of the tanks. In a fish cul-
ture system, ammonia concentrations can be calculated using a mass balance equation involving the excess nitrogen
in the feed (above that consumed by growth) and the inflow and outflow rate of water (Allen et al. 1984). Water
flow rates can then be set so that ammonia is removed from of the system at the same rate that it is produced while
maintaining the ammonia concentration in the tank below the critical concentration.

The composition of the food and the feeding rate affect growth and mortality rates directly but also determine the
waste levels in the culture unit which affect the aeration requirement and water flow rate. A cost effective food com-
position should balance the nutrition requirements of the fish against the costs of waste removal and is necessarily
species and culture system specific. We have limited the food composition parameters in the model to caloric con-
tent and ammonia equivalent. The feeding rate is calculated to satisfy the caloric requirements for growth and main-
tenance. We have arbitrarily set the feed parameters at an energy content of 5 kcal/g and an ammonia equivalent of
32 mg/g; these values are equivalent to a feed composed of 20% fat, 20% protein, and the rest carbohydrate (cf.
Deniel 1976; Kuhlman et al. 1981).

The density of fish in the culture unit and the size and shape of the units affect growth and mortality rates in a
complex and subtle manner. Optimal rearing densities are often dependent on poorly understood interactions such as
the shape and water flow patterns of the tanks, the possibility of disease transmission, and species-specific behavior-
al patterns such as schooling, individual spacing, and cannibalism. Flat fish require a large benthic surface which
places some constraints on the size and shape of the tanks. We have arbitrarily assumed the tanks to be 20,000 L;
this corresponds to a tank 1 m deep by 6 m in diameter that is kept ¾ filled. We have used tilapia and trout as repres-
entative of species for which densities have been optimized. Tilapia have been successfully reared at densities of 50
g/L of water (Ballerin and Haller 1982) and trout are reared at densities in excess of 10 g/L (cf. Leitritz and Lewis
1976). The number of tanks required is calculated to satisfy the biomass density criterion during the time step.

CULTURE AND FISHERY MODELS
To evaluate culture and fishery independently, then combine results, we divided the life history of a cultured, then
stocked, fish into two phases. The point dividing these phases had to be greater than the maximum size to which fish
would be cultured and less than the lower size limit of the current fishery. We chose this point somewhat arbitrarily
to be 24 cm, which is a size at which the juveniles have typically left the nearshore environment. We refer to fish
above this size as being in the potentially fishable population, and when we use the word "recruitment" we mean re-
cruitment to this population. We stress that this is a somewhat arbitrary dividing point, and its exact value, as long as
it is
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greater than the maximum culture size and less than the lower size limit in the fishery, will not affect the cost/benefit
analysis. This separation results in three consecutive periods in the life history of a cultured, then stocked, fish: the
culture phase, post-release phase, and post-recruitment phase (Figure 2). The first phase covers the period from
hatching to release. The second phase covers the period from release to the size of recruitment into the potentially
fishable population (24 cm), and the third covers the period from that size through adulthood and possible capture in
the fishery. The specific release size can vary from post-larval size (i.e. no juvenile culture) to the size of recruit-
ment into the fishable population (24 cm). During the time between release and the recruited size, fish are assumed
to be in the "juvenile habitat" and are subject to different growth and mortality rates than after the recruited size
when they are assumed to have adult growth and mortality rates.

FIGURE 2. A schematic of the culture/release process as described in the computer programs for eocnomic evalu-
ation

Culture System Model
The model of the culture system has been developed to provide a means of examining the economics of culture
based on the limited information presently available. The culture system model consists of three submodels: biolo-
gical, physical, and economic (cf. Allen et al. 1984). The biological submodel defines the behavior of the fish in the
environment of the culture system. The physical submodel is a description of the physical plant itself and the neces-
sary inputs, and the economic submodel calculates the costs associated with running the culture system. The model
is calculated iteratively. Each iteration represents a time step (usually 7 or 10 d) and begins with the growth of the
fish. Then, using the growth, present size, and the environmental requirements of the fish, the necessary physical
plant is sized and inputs are calculated. Finally, the costs are totaled to complete the iteration. The model is struc-
tured in this way to allow extrapolation of limited data for analysis over a wide range of size classes.

Biological Submodel
The biological model calculates growth and mortality during each time step. Growth in length is calculated as a
function of time. We have used a linear model for increase in length so that,
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EQUATION
For our baseline model we have used approximately the estimated wild population growth rate (cf. Hammann and
Ramirez-Gonzalez 1990) of gc = 0.05 cm/d and an initial length of Lm = 2.5 cm.

Weight is calculated using the length-weight relation for the natural populations

EQUATION
In our model we used the values given above computed from Hulbrock's (1974) data. Weight gain is the differ-

ence between weight at the beginning and end of the time step.

EQUATION
In the baseline model the mortality rate m = 0.005/d.

Physical Submodel
The environmental variables—food, water flow rates, aeration requirement, and tank numbers—are calculated to
meet the minimum caloric requirements for growth and maintenance, as well as maintain required dissolved oxygen
levels, ammonia concentration and biomass density of fish.
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The caloric requirements per time unit are partitioned into a growth requirement and a maintenance requirement
that includes both basal metabolism and active swimming (Allen et al. 1984). Total food is calculated to meet these
two needs as

EQUATION
Using a mass balance equation, we calculate the oxygen required to metabolize all of the food, minus the amount

which becomes fish biomass. It is

EQUATION
The latter ratio (oxygen to energy) is for a hypothetical food which is 50% fat and 50% carbohydrate and protein

by energy content. This constant is chosen conservatively so that the oxygen requirements of most common diet
mixtures will be met. A higher fat content would require a higher rate but not greater than 0.30 g/kcal.

Ammonia production is also calculated from a mass balance equation as the amount of ammonia in the food, less
that which becomes fish flesh. It is

EQUATION
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This assumes that all the nitrogen in food is excreted as ammonia or in a form that is converted to ammonia in the
tank system. Because not all of the nitrogen is excreted as ammonia, it is a conservative (high) estimate.

For this evaluation, we have assumed a flow-through system with no water treatment. Water flowing through the
system adds dissolved oxygen and removes ammonia. Flow rates must be set to provide a specified safe level of am-
monia, but the additional required amount of oxygen can be met through aeration. Regardless of whether the tanks
are aerated, the flow rate must be sufficient to prevent the ammonia concentration from exceeding a critical level.
Flow per fish is

EQUATION
where H2Ot = total water required per fish in time step t NH3c = maximum allowable ammonia concentration.

Because of the variable nature of ammonia excretion due to noncontinuous feeding and incomplete mixing of water,
we have included a safety factor of 2.0.

If the tanks are aerated, H2Ot is the required flow rate per fish. If the tanks are not aerated, the dissolved oxygen
in the inflowing water is assumed to be the primary source of dissolved oxygen in the system. The aeration deficit is
calculated as O2d = minimum [H2Ot x (O2in - O2c) - (O2t x 2.0) or 0.0] (11) where O2d = deficit in grams of dis-
solved oxygen per fish per time step O2in = dissolved oxygen concentration in inflowing water O2c = minimum al-
lowable dissolved oxygen concentration minimum = function which selects the minimum of two values. We have
again included a safety factor of 2.0 to allow for the effects of imperfect mixing and nonconstant usage. If the oxy-
gen deficit is zero, the flow necessary to remove the ammonia is satisfactory for the oxygen requirement as well. A
nonzero oxygen deficit must be met by increasing the inflow of water, so that

EQUATION
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The number of tanks required is based on a maximum biomass density criterion, so that

EQUATION
where Tt = number of tanks required at time t dc = maximum allowable density tv = tank volume.

Economic Submodel
The cost per individual entering the fishery is the total cost to raise a cohort divided by the number of that cohort
that survive to enter the fishery. The total cost is the sum of the accumulated costs for food, electricity, water, and
space. These are calculated on a per time step basis as the fish grow from post-larval size. We have not included
economies of scale or discounting of future value. The cost of food per time step for the cohort is Cft = Ft x Nt x Pf
(14) where Pf = price per unit of food ($/kg). The cost of electricity per time step for the cohort is Cet = (H2 Ot x Nt
x H2Oe) + (Tt x Te) x Pe (15) where H2Oe = electrical use per unit water (pumping) Te = electrical use per tank
(lights, aeration, circulation pump) Pe = price per unit of electricity (dollars/kwh). The cost of water per time step
for the cohort is CH2Ot = H2 Ot x Nt x PH2O (16) where PH2O = price per unit of water (treatment, prorated
pumps and piping).

The total capital cost during a time step is proportional to the number of tanks used during the time step, so that
CTt = Tt x PT (17)
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where PT = price per tank per day (maintenance, labor, and prorated tank, building, and accessories). The total accu-
mulated cost of culturing a cohort up to age t is CAt = CAt-1 + Cft + Cet + CH2Ot + CTt, (18) beginning with the
initial cost of the cohort (as either postlarvae or eggs), CAo = No x Ppl (19) where Ppl = price per postlarva or egg.
Electrical use is calculated as that required to pump the total water flow 10 m vertically plus a fixed amount for
lighting and aeration of tanks. The prices and parameter values are listed in Table 1.

Post-Release, Pre-Recruitment Model
The total accumulated cost of the cohort at age t is the total cost per stocked fish if the cohort is stocked at that age.
However, the cost per recruit (24 cm) depends on the rate of survival to 24 cm as well as cost per stocked fish. The
survival rate to recruitment depends on the time required to grow to the minimum entry size (24 cm) and the size-
specific survival rate during that time. To describe post-release growth, we have used the linear growth model which
is equivalent to growing the fish from post-larval size to the size at 1 year in the natural population over the span of
1 year, so that

EQUATION
where tL = time to reach the fishery Lr = minimum length in the fishery (size at recruitment) Lt = length at time of
release gn = linear growth rate for the natural population. For the baseline model we use the approximate estimated
natural growth rate of juveniles (0.05 cm/d). We have assumed the mortality rate is a linear function of length in this
phase. Because growth is linear, the rate is equal to the rate for the mean size during the time period prior to entering
the fishery, so

EQUATION
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TABLE 1. Parameters and baseline values for culture system model.
where Lp = length of post-larval fish mL = average mortality rate for fish growing from Lt to Lr mr = instantaneous
yearly mortality rate at size of recruitment mp = instantaneous yearly mortality rate at post-larval size For the mor-
tality rate at post-larval size we use mp = 7.0/year, and for the mortality rate at recruitment we use mr = 0.3/year, the
baseline value of natural mortality of adult fish.
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The survival rate for the period from stocking to recruitment into the fishable population for fish of size L is SL =
exp (-mL x tL) (22) and the cost per fish stocked at time t that will actually reach recruitment is

EQUATION

Post-Recruitment, Fishery Model
The post-recruitment fishery model must describe the bioeconomic dynamics of stocked fish after recruitment to the
potentially fishable stock so that the economic benefit of the culture/stocking program can be evaluated. These dy-
namics depend on individual growth and mortality, as well as how the fishery is managed (i.e. the size limit and
mortality due to fishing; c.f. Botsford and Hobbs 1984). Because yearly fishing mortality rates are poorly known and
we may wish to examine possible benefits of changes in management, we evaluate the benefits of stocking over a
range of fishing mortality rates and size limits. We consider here only a single fishery. This can be thought of as the
combined recreation and commercial fishery. For a more detailed analysis of the catch distribution among multiple
users with use-specific regulations, see Reed and MacCall (1988).

The impacts of stocking on the fishery can be separated into two areas: the direct, short-term impact and the indir-
ect, long-term impact. The former includes effects of stocked fish entering the fishery and the latter includes the ef-
fects of descendants of stocked fish entering the fishery. Because prediction of the indirect, long-term impacts re-
quires knowing the processes that control recruitment, we concern ourselves here with only the direct, short-term ef-
fects.

Several aspects of the post-recruitment dynamics are of potential economic interest. The most obvious character-
istic is fishery catch per stocked fish both in numbers and in biomass. These depend only on post-recruitment growth
and mortality rates, however, and do not reflect culture costs. Another way of looking at the post-recruitment effects
of stocking, therefore, is in terms of the cost per fish caught. To account for the size and value of the fish caught, a
fourth way of evaluating stocking is in terms of net value (gross value minus cost) of fish caught, assuming gross
value of a fish is proportional to weight.

The model assumes that yearly mortality rates (both fishing and natural) are constant and that growth follows a
von Bertalanffy curve. The number of recruits at any age past recruitment is Nt = N0 x St (24) where Nt = number
of fish at time t N0 = number of fish at time 0 (recruitment or age 1) St = portion surviving from recruitment.
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Survival prior to entering the fishery is given by

EQUATION
where m = instantaneous yearly natural mortality rate tC = time at which fish reach the minimum size limit.

We use an intermediate value of 0.2/year as a baseline for our analysis here but also evaluate the sensitivity of the
results to a range of values from 0.1 to 0.3/year. Botsford et al. (1989) presented results for a more conservative ana-
lysis using a mortality rate of 0.3/year. After the age of entry into the fishery St = exp[-(m x t) - (f x [t-tC])] (26)
where f = instantaneous yearly fishing mortality rate.

Catch per recruit is the fraction of recruited, stocked fish (numbers) caught in the fishery. This is calculated as

EQUATION
Biomass yield per recruit is the average weight increase in the total catch per recruited, stocked fish (biomass).

The yield is calculated by numerical integration from

EQUATION
where Wt = a1 x Lt

b
1 = weight in kilograms at time a1 = the coefficient in the length-weight relationship b1 =

the exponent in the length-weight relationship Lt = a2 x [1-exp(-b2 x [t-c2])] = length in cm. For the parameters in
the von Bertalanffy growth equation (a2, b2, and c2), we used values estimated from Hulbrock's (1974) data.

Culture cost per fish caught is calculated as

EQUATION
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and net benefit of yield per recruit is Br = (pk x Yr) - Pr = value of yield per recruit - cost per recruit (30) where pk =
value per unit weight of fish to the fishery in $ / kg Pr = cost per recruit, obtained from the culture cost model.

RESULTS
Our analysis thus far is limited by the results available from culture research. We have developed an understanding
of the dynamics of the culture/stocking system (i.e. how the system "works") and a preliminary estimate of culture
costs and benefits. We have also identified aspects of the system to which costs are particularly sensitive and used
these sensitivity analyses to evaluate results from biological experiments. The third category can be useful in plan-
ning future research. Cost or benefit figures should be considered preliminary at this stage.

Culture
The simplest view of how a culture system would work can be obtained by following the development of a cohort of
fish as they grow through culture (Table 2). As the fish increase in size, the number of tanks required increases even
though the number of fish declines because of mortality. Costs per time step increase as the fish increase in size and
metabolic demand, and the total cost of culture per fish begins with the cost per postlarva and increases to higher
values. For purposes of determining the sensitivity of culture costs to changes in the system due to further research,
it is valuable to know the distribution of costs. Early in culture the costs of post-larval fish dominate total costs, but
they constitute a lower proportion relative to costs of food, labor, and the physical system as fish are cultured longer
(Figures 3 and 4).

Optimal Size of Release
A critical open question with regard to the culture/stocking system is how long the fish should be cultured before be-
ing released. Shorter culture time will incur less culture costs, but fewer fish will survive after release to be fishable
recruits. The number that survive depends on juvenile mortality rate which decreases with age and size of the fish.
Consequently, there is a tradeoff between the increased cost of larger fish and the decreased survival of smaller fish
(Figure 5; see Table 1 for parameter values). As the possible release size increases, both the cost per fish released
and the fraction that would survive to recruitment size increase, but at different rates. The cost per recruit is the cost
per fish released divided by the survival to recruitment (23)]. This value initially declines, then increases, and the
optimal size of release is the minimum of this curve. For example, Figure 5 indicates that to minimize overall cost
per cultured

433



TABLE 2. Culture plant simulation program.
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FIGURE 3. Distribution of costs per released fish by age at release in terms of actual value

FIGURE 4. Distribution of costs per released fish by age at release as a proportion of total cost
recruit, the cultured fish should be released after about 290 d of culture. The value of optimal release is sensitive to
both the initial cost of post-larval fish and to the post-release survival rates.

Graphical Analysis of Sensitivity
Because of the preliminary nature of the research into culture of the post-larval fish, there is a great deal of uncer-
tainty regarding the food characteristics and the culture units (tanks) necessary. Also, the growth rates observed in
the culture system are lower than those observed in the wild population. We have therefore evaluated the sensitivity
of culture-system performance to these parameter values. This is most easily done graphically.
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FIGURE 5. Cost per recruit (at 24 cm) if released from culture at the age on the horizontal axis. Other lines are the
components of this cost (Equation 23)

Culture costs and operation of the culture system are sensitive to growth rate. We compare cost per recruit for six
different values of growth rate in the culture plant (Figure 6). These lines are the same as the cost-per-recruit line in
Figure 5 for different values of individual growth rate. Note that both the optimal time of release and the resulting
cost per recruit are sensitive to this parameter. Little benefit would be gained by culturing the fish at growth rates
less than 0.02 cm/d, and at rates as low as 0.01 cm/d continuing culture beyond the post-larval phase would increase
the cost per recruit. Recall 0.025 cm/d is the highest observed laboratory growth rate and 0.05 cm/d is the estimated
wild growth rate. This figure shows that for both of these values culture beyond the post-larval phase is optimal, but
that the cost per recruit is high (e.g. for the former value, cost per recruit is near $5.00).

FIGURE 6. Cost per recruit as in Figure 5 for several different values of growth rate in culture
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Daily food costs and culture tank costs increase as the fish grow. Increases in the price of each of these has a sig-
nificant affect on both the optimal release age and the cost per recruit (Figures 7 and 8). As food costs increase, cost
per recruit increases, and the optimal release time decreases. The cost of tanks has a similar effect. Gadomski et al
(1990) state that they have not been able to find a prepared food that post-larval halibut will utilize. Live food either
collected or cultured is generally more expensive than prepared foods. Increased food costs would result in a young-
er optimum release age and a higher cost per recruit, but culturing beyond the post-larval phase is still cost effective
in the sense that cost per recruit is less (but still expensive). A similar result occurs when cost per culture unit is var-
ied.

FIGURE 7. Cost per recruit for different food prices

FIGURE 8. Cost per recruit for different costs of culture space
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Using increased food price as a typical increase in culture costs, we can examine the interaction of growth rate
and culture costs (Figure 9), Even at high daily culture costs (food price of $50.00/kg) the optimal release age is
greater than zero when the growth rate is greater than 0.02 cm/d. Minimized cost per recruit when compared for the
same values of growth rates and food prices indicates that at growth rates above 0.02 cm/d the minimized cost per
recruit is sensitive to food price (Figure 10). For lower growth rates no further culture of postlarvae is warranted
even at very low food prices, so minimized cost per recruit is the cost of stocking postlarvae. Expensive culture
practices may be cost effective if they increase the growth rate significantly. For example, food that cost $30.00/kg
but increased the growth rate to 0.06 cm/d would result in a slight savings over $1.00/kg food that resulted in a
growth rate of 0.025 cm/d, and a food that cost $10.00/kg with a potential growth rate over 0.04 cm/d would cut the
minimized cost per recruit in half. Finally it should be noted that large increases in culture costs (e.g. 50-fold in-
crease in food price) do not result in equivalent increases in minimized cost per recruit (approximately five fold), be-
cause a compensatory decrease occurs in optimal release age (Figures 9 and 10).

FIGURE 9. Optimal release age as both the cost of food and one of the potential effects of different foods, growth
rate, vary

Post-release mortality rates are also poorly known. In the model the post-release mortality parameter with the
greatest uncertainty is the mortality of a post-larval fish (recall that post-release mortality rate is size dependent and
decreases linearly from the post-larval size to recruit size, hence this is the value at lower end of this size range). Op-
timal release size, age, and cost, and the resulting cost per recruit, all increase with this parameter (Figure 11). The
optimal values of these variables are those that correspond to the release age at which cost per recruit is minimized.
The value of mortality rate used in the
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FIGURE 10. Cost per recruit (at 24 cm) as both the cost of food and growth rate vary
baseline model is an instantaneous yearly rate of 7.0/year which would result in 1.3% survival from the post-larval
size of 2.5 cm to the recruitment size of 24 cm. It is somewhat surprising to note that the cost per recruit varies relat-
ively little (from $1.30 to $1.72) when the mortality rate is varied by a factor of two (from 5.0/year to 10.0/year or
survival of 4.4% to 0.2% respectively). The cost per released fish varies by a factor of two (from $0.64 to $1.25), so
the relative insensitivity of the cost-per-recruit variable results from an adjustment of the optimal release age (240 d
to 340 d) that partly compensates for the variation in mortality rate.

FIGURE 11. Optimal release age and size, and the associated cost per released fish and cost per recruit (at 24 cm)
as the early natural mortality rate of juveniles is varied

439



One question that would arise from Figure 11 is how sensitive cost per recruit is to changes in both parameters of
the post-release mortality rate (i.e. both the post-larval value and the pre-recruit value). Even when both parameters
are varied, one by a factor of two and the other by a factor of six, the cost per recruit varies only from $1.19 to $1.84
(Figure 12).

FIGURE 12. Cost per recruit as both the post-larval mortality rate (horizontal axis) and pre-recruitment mortality
rate (individual lines) are varied

Post-Recruitment
Direct, short-term impacts of the stocking program are evaluated here in four different ways. Parameter values used
are shown in Table 3. These results are presented for a range of lower size limits and fishing mortality rates so that
both the sensitivity of results to poorly known fishing mortality rates and the possible effects of changes in fishery
policy can be evaluated.

The fraction of recruited, stocked fish that ends up being caught increases with the amount of fishing (i.e. the fish-
ing mortality rate) because fewer fish survive long enough to die from natural mortality (Figure 13). It also increases
as the size limit is lowered because fewer fish die from natural causes before reaching legal size. To get an idea of
what would result from current management, we can look at the current size limit of 55.9 cm and assume a total
fishing mortality rate including both sport and commercial fishing of 0.25/year; the fraction caught would be 0.22.
This depends critically on stocked fish having the same survival rate as that estimated for natural fish (see Table 3).

Biomass caught accounts for the fact that fish grow larger with age while the fraction caught declines. The catch
in the fishery in terms of biomass per recruited, stocked fish is higher at higher fishing rates and at intermediate size
limits (Figure 14). Near 55.9 cm and 0.25/year it is relatively flat, indicating that little would be gained by a change
in fishery policy and that, even if our

440



FIGURE 13. Fish landed per California halibut recruit as size limit and fishing mortaility rate are varied. The area
marked corresponds to the present fishery

TABLE 3. Parameters and values for post-recruitment model for California halibut
estimates of fishing mortality rate are off a bit, our projected biomass yield will not be far off. The value at that point
is approximately 0.93 kg.

The two criteria evaluated thus far do not include the costs of stocking. The cost per stocked fish caught for Cali-
fornia halibut is shown for various values of fishing rate and size limit in Figure 15. For low fishing rates and high
size limits, this criterion is high (because few fish are caught). However, near the current operating point the cost is
about $5.05 for a landed fish that would average 4.2 kg (yield per recruit / fraction caught). This cost could be re-
duced by lowering the size limit, but that would lead to smaller fish in the catch.
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FIGURE 14. Biomass yield per California halibut recruit as size limit and fishing mortality rate are varied. The
area marked corresponds to the present fishery

A way of including the size of the fish in an economic criterion is to compute the difference between value to the
fisherman (assuming it is proportional to weight) and the cost of culturing the fish. Net benefit is shown in Figure 16
for a value of $4.00/kg. This increases with fishing rate then decreases slightly and is a maximum for intermediate
size limits. At the current operating point the net benefit is about $2.84 per recruit. The curve is fairly flat in the vi-
cinity of this point.

A characteristic common to all of the four criteria is that they are sensitive to the assumed value of natural mortal-
ity rate. As one moves from a low estimate of 0.1/year to a high estimate of 0.3/year, biomass yield per recruit de-
clines from 2.40 kg to about 0.43 kg (Figure 17) and the cost per stocked recruit caught increases from $2.50 to
about $10.00 (Figure 18).

CONCLUSIONS FROM ANALYSES TO DATE
The analyses, thus far, raise some important issues that are worthy of attention. With regard to the culture phase, the
fact that the cost of post-larval fish may dominate costs is important. For the analyses described here, we used a
price ($0.15) which is less that the cost of commercially produced postlarvae of striped bass, Morone saxatilis, (for
which females are also captured, and
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FIGURE 15. Average cost per stocked California halibut recruit as size limit and fishing mortality rate are varied.
The area marked coresponds to the present fishery

postlarvae are also reared from eggs). Using this value, costs of postlarvae are a major part of culture costs. This
would imply that more attention should be paid to reducing this cost. Also, an accurate estimate of these costs is ne-
cessary because of its effect on the decision regarding optimal time of release.

A graph such as Figure 5 is the best single summary of how the culture/stocking scheme works. The variation in
cost per recruit as time of release from culture increases, indicates the optimal time of release, as well as the penalty
for early or late release. It is somewhat surprising that cost per recruit is relatively insensitive to post-release mortal-
ity (Figure 11, 12). However, this result assumes that we know the post-release mortality rates, and can release the
cultured fish at the optimal release time. It will be advisable to monitor survival during the post-release/pre-recruit
period, and to continue to refine optimal release time, even after the project begins releasing cultured fish.

Figure 5 can be used to evaluate some of the recent conclusions by the halibut culture researchers. For example,
the annual progress report for 1987–88 for California halibut (Stephens et al. 1988) stated that the best release age
was 6 to 7 weeks, primarily because of lack of an available food and space limitations in culturing a bottom dwelling
fish. However, modeling results described here indicate the cost per recruit at this age would be about $6.00 per fish
(Figure 5). Thus, it appears that release at this age is not economically feasible, and that further research isrequired
to develop the capability of
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FIGURE 16. Net benefit per stocked California halibut recruit as size limit and fishing mortality rate are varied.
The are marked corresponds to the present fishery

FIGURE 17. Biomass yield per California halibut recruit as natural mortality rate is varied. Arrows indicate recent
low and high estimates of natural mortality rates
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FIGURE 18. Average cost per stocked California halibut recruit caught in the fishery as natural mortality rate is
varied. Arrows indicate recent low and high estimates of natural mortality rates

culturing these fish to older ages. The economic analysis indicates that costs for food and culture space can be much
higher than our baseline estimates and still result in substantial savings with culturing to an older release age
(Figures 7 and 8). Other flatfish species have been cultured to larger sizes (Bardach et al. 1972).

Figure 6 reflects the implications of the current halibut growth rate. If growth rates are less than 0.02 cm/d, cul-
ture is not optimal (i.e. the optimal age of release is zero). If the growth rate is about 0.025 cm/d, the cost per recruit
is about $8.00. A growth rate approximating the wild growth rate (0.05 cm/d) is required to bring the cost per recruit
down to about $1.50.

The post-recruitment analysis provides an understanding of the economics of the culture/stocking system in terms
of the fishery. We do not yet have the data necessary to confidently estimate culture costs, but the results illuminate
sensitivity to various parameters. For example, they emphasize the importance of natural mortality rates. All cri-
terion were sensitive to the value of that parameter. For California halibut the value probably lies between 0.1/year
and 0.3/year, but this limited range allows a large uncertainty in the feasibility analysis. Because of the difficulty in
estimating mortality rates in natural populations (Vetter 1988), some uncertainty will always be present in evalu-
ations of the feasibility of the culture/stocking scheme.

Implications of current model results for feasibility of the culture/stocking concept are not straightforward. Cost
and benefit projections appear high (about $5 per fish caught and a net benefit of $3 per fish if their value is $4/kg).
However, these are based on growth at a rate near the natural rate to optimal release size. This growth rate is greater
than current rates in culture and the optimal release size is far beyond the size to which researchers have thus far
been able to grow this fish. If released at that size, cost per fish caught would be about $18, a value that is probably
too high.
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Overall evaluation of feasibility would also include consideration of less tangible effects of culture that are not in-
cluded in our analysis. One example is the contribution of cultured fish to future recruitment. This would presum-
ably be positive; however, there might be negative effects on genetic variability. Another less tangible effect is the
negative effect that culture might have on the ability to protect habitat in the future. Some might assume that be-
cause fish could be cultured, there was less reason to protect natural spawning habitat.
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APPENDIX A

APPENDIX A

APPENDIX B
The computer programs used in both the cost estimates and the sensitivity analysis have been developed for distribu-
tion and can be obtained by writing the authors. The programs are written in TURBO Pascal to run on IBM-
compatible personal computers. The programs make use of a graphics package that is specific to the graphics system
on the computer. Information on the graphics environment, in which the programs will be run, should be included
with the request.
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1 Present address: NationalMarine Fisheries Service, Southwest Region, 300 South Ferry Street, Terminal Island, CA 90731

WHERE WE SHOULD GO WITH RESEARCH AND MANAGEMENT AS
IT RELATES TO THE CALIFORNIA HALIBUT: A PANEL DISCUSSION

MARTIN F. GOLDEN1 , Convener
U.S. Department of Interior

Minerals Management Service Pacific Outer Continental Shelf Region
Camarillo, CA 93010

INTRODUCTION
This symposium on the California halibut grew out of a need to help fisheries managers better understand the status
of current research on the California halibut so as to update management strategies and to identify areas where addi-
tional research is needed. To optimize the results of the symposium, a general call for papers was made inviting any-
one involved with research on the California halibut to participate. Additionally, a panel discussion was organized to
involve user groups and the academic community in providing their perspectives on "Where we should go with re-
search and management as it relates to the California halibut."

The concept for the Symposium was developed by the California Department of Fish and Game (CDFG) and ad-
ministered by the Symposium Committee under the direction of John S. Sunada (CDFG), the Symposium Coordin-
ator. The Symposium was truly a team effort with sponsorship including:

·California Department of Fish and Game,
·American Institute of Fishery Research Biologists,
·Cabrillo Marine Museum, and
·National Marine Fisheries Service.

Through the efforts of all these organizations a very successful symposium was held May 23 and 24, 1989 at the
Cabrillo Marine Museum in San Pedro, California. The symposium attracted approximately 150 people and included
25 papers.

PANEL DISCUSSION
Panelists
Mr.Marty Golden, Convener and panel moderator
Director, Southern California Chapter
American Institute of Fishery Research Biologists, and
U.S. Department of Interior (MMS)
Pacific OCS Region, Camarillo, California
 
Mr. Al Petrovich, Chief
Marine Resources Division
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California Department of Fish and Game
Sacramento, California
 
Dr. John Stevens, Director
VANTUNA Research Group
Occidental College, Los Angeles, California
 
Dr. Louis Botsford
Fisheries population biologist
University of California, Davis, California
 
Mr. Mike McCorkle
Commercial fisherman
Santa Barbara, California
 
Mr.Dan Frumkes
Biostatistician, Owner of Commercial Sport Fishing Boat, and Member of the
Southern California Nearshore Ichthyologists Coordinating Committee on Research
Malibu, California
 
Mr. Golden:

I have asked each panelist to make a short presentation or comment about their thoughts on: Where we should go
with research and management as it relates to the California halibut.

After their presentations we will have a short period of questions and answers between the panel members and
then open it up to questions from the floor. I would like to start with Al Petrovich from the California Department of
Fish and Game.

Mr. Petrovich:
Well first of all I want to thank the organizing committee for inviting me to participate although at this point in

time I feel, like John Stephens, that our panel is anticlimactic to what preceded. I think that we all suspected that
there was a lot of work going on with respect to California halibut but no one was sure of the magnitude of the re-
search and management activities that were going on. This was one of the driving forces of the symposium and I, for
one, want to pass out kudos to those who put it together because I think it was a real success and I think one of the
finest symposiums I've been to. The symposium certainly has given me food for thought as to where the Department
should go with respect to California halibut research and management in the future. I came into this symposium with
a very open mind, in fact I had no preview of the presentations by Department employees or what their conclusions
were other than what I had picked up prior to this symposium. So I have two views. I have one that I call Before
Symposium or BS and then I have another view that would be After Symposium or AS. I'll be very brief because
you've seen the kind of activities the Department of Fish and Game is involved in based on the presentations. We are
involved in a gill net observer program, a market sampling program, and a commercial passenger fishing vessel
sampling program. We are now once again participating in the marine recreational fisheries statistics survey. We are
involved with alternative gear development. We have been involved with the ocean resource enhancement and
hatchery program.
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Where do we go in the future? Based on what I've heard at this symposium we are going to develop an action
plan, and not all of my staff is aware of this but they will be now. I'm going to ask them to put together an action
plan based on the findings and the presentations here at the symposium as to where we go with respect to California
halibut in future years. I want to do this because I want to strike while the irons are hot. I think that there has been a
lot of interesting information brought forward here and I want us to proceed posthaste. With that I think that I'll
throw it open to the next panel member.

Dr. Stephens:
As I mentioned from the floor, Jim Berkson said a lot of what I intended to say, especially in his last slide. The in-

formation that we have been collecting seems to support the idea that many of us have had for a long time, mainly
that we have had a recruitment limited population. The population is being fished pretty hard and this is fraught with
peril. We needed some sort of model that can tell us what might be going on in the future, and it looks like that mod-
el is being generated and I'm really, really happy to see that work being done. We know that we've had peaks and
valleys in the population in the past. It's very possible that we are in a peak today, and if that's the case then we are
going to need management to get us through what might happen in the future. So we need to move in that direction
and we need to keep going with that work that Jim started. I hope that he can be free to continue that work until
some of the alternative models that he was talking about can be run so that we can really see what other scenarios
might be with the same sorts of basic model.

We've seen some very nice supportive data. We know things about larvae; we know things about grow out of ju-
veniles. It's interesting that in all cases it seems to be these early settled larvae and juveniles that are the problem.
We don't know what to do about them, but that's obviously the weak spot in this whole halibut life cycle. The rest of
the animal seems to be relatively well understood. There's nothing that competes with adult halibut in southern Cali-
fornia. Lizardfish? I doubt it—they may for a bit but then they get eaten by adult halibut. Certainly the young are
vulnerable. The young are, as Jim Allen mentions, probably outcompeted by speckled sanddabs in the open coast.
The young may not like it in the open coast even if they settle there because it's not warm enough and they seem to
do much better with the warm water, high mycid food content of inner waters and in the bays, and it may well be
that this is the basic recruitment limitation.

What I would like to stress then is that we know a lot, but we don't have all the answers yet. We're approaching
the answers and for God's sake, let's not stop any of these programs. Particularly, I think that the gill net observer
program is on the dock now; it's finishing up this year. I don't think that we can stop any of these programs. I think
that these programs have to be ongoing programs. In order to look at a fishery, especially a fishery that is subject to
extremely variable recruitment, variable management strategies may be required. And then we have got to continue
our monitoring. So I hope that all the monitoring programs that are going right now stay intact or are expanded, and
that we have people somehow integrated within this program so everybody knows what they and others are doing. If
all elements of the halibut program
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stick together and we communicate with one an other, we may be able to develop a suitable management strategy.
Thank you.

Dr. Botsford:
I'd first of all like to thank the committee organizers for inviting me. I'm happy to come and give my observations.

I must preface them with the statement that I'm certainly not an expert on halibut, although I do know something
about population dynamics. So some of the observations may be obvious, especially by this time, and some of my
thoughts are also BS (Before Symposium), as Al pointed out. I see several problems that should be approached and
one of the big ones is allocation, of course, but I'm not going to say anything about it because that's completely out-
side my area of expertise.

The first big problem that I am going to talk about is the dramatic fluctuations in abundance. I think that we have
to understand these in order to really understand how the population works, and that's going to be necessary for good
management. Whatever problems we have in allocation now are certainly going to be exacerbated if the population
declines in several years as one would expect from the fluctuations in the past catch. There are several possible
causes of these fluctuations. The basic questions are, "Are they caused by environmental forcing, some sort of dens-
ity dependence, or some sort of effort dependence?" And the question that relates those to management is, "Can you
control these?"

I believe we are going to require a deeper look at how management is influencing the population. So far we've
evaluated management in terms of its effect on growth and recruitment through yield-per-recruit analysis, without
too much specific regard for how fishing has affected recruitment. More attention to that sort of thing will allow us
to answer questions that are open issues now. For example, in 1971 regulations changed and the population started
increasing. Was that a result of regulations or was that simply fortuitous?

The second problem that I see is this issue of stocking. Rod talked this morning about economic feasibility of
stocking. Stocking decisions involve considerable uncertainty, and we've pointed out that you need to know more
about the natural history of the young. We phrase this in terms of mortality rates, but another way to look at it is that
you have to know the age at which to stock individuals, if you're going to stock them. That's related to the first prob-
lem. If there were some sort of density dependence or environmental dependence in recruitment at a certain age, we
don't want to be stocking the fish before this crunch comes. In other words you don't want to be stocking them be-
fore the point in the life history that is called the critical period. Another point with regard to stocking is that if you
do engage in a stocking program, you want to be sure to have some sort of ability to verify its effect, both in terms
of an increase in catch and in marked individuals.

The steps that I think that should be taken to solve these kinds of problems have been touched on thus far. I think
that reproductive rates are pretty well known, mortality rates are relatively well known for adults, and very poorly
known for juveniles. Even something as simple as sex ratio seems to have a lot of confusion associated with it; we
should be able to figure that out. There seems to be very little known about any relationship between stock and re-
cruitment.
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I think that the first step is data analysis—better data analysis—some of the beginnings of which we've heard
here. We're starting to collect data on age and size structure in the population, but thus far that information has not
really been used in any sort of catch-age analysis or stock-synthesis analysis. I think that the path to take is to as-
semble a model that can be made to be consistent with all the existing data, not just size structure data, not just the
catch data, but even data on larval production such as what Geoff Moser presented here. This could be Rick Me-
thot's stock synthesis model, it could be others. Once that's done there is still going to be a certain amount of ambi-
guity; there will be a number of different ways that the population could work that would still be consistent with cur-
rent data. To resolve some of the remaining inconsistencies between data and models will require further field and
life history studies.

Another approach that people are talking about these days in fisheries management, particularly Carl Walters, is
some sort of experimental management. One idea is that we should vary fishing policy not just for the purpose of in-
creasing catch but also to learn more about the population at the same time. That can be done by managing different
populations and different areas in different ways, as they are trying to do with Pacific Ocean perch on the Canada-
U.S. border. We could also do stocking as a sort of experimental probe into population variability.

The other thing that I think should be done—and this is related to the topic just mentioned—is to establish some
sort of plan of action or some sort of consensus and direction for where we are going to go from here. I think a con-
ference such as this was a good idea, but I've been to conferences like this before where everybody goes away and
nothing really happens. I've been to conferences in other groups where we did have good planning afterwards. The
striped bass is the best example I can think of, and a lot of research came from those meetings in the early 80s, even
though we still don't understand striped bass. I think this conference is very important and I think that the leaders are
certainly to be congratulated. I think that there is going to be more of a consensus, and that by combining the ap-
proaches of people working in northern California with those being taken in southern California, people working on
different parts of the data base will realize significant benefits from communicating with each other.

Mr. McCorkle:
I've been a commercial fisherman since 1956 full time, and I've been a gill-netter since 1958, and I've trawled for

halibut since 1972. I've gillnetted from Point San Juanico in Mexico up as far as Point Buchon. I've trawled from
Point Buchon down to Port Hueneme. I've fished for halibut within the halibut trawl grounds, and I've also fished
outside the halibut trawl grounds which is in deeper water (25 fathoms); we fish out to 50 fathoms.

One of the questions that I have is that I see, or I think I see in my fishing, three different sizes or populations of
halibut. I see a population of big halibut, 20–50 pounds; I see a population of legal, or just under legal, and up to 7,
8, or 10 pound halibut; and I see a big population of sublegal halibut. I think that the sublegal halibut and the just
legal halibut mix together at times, but I don't think the big halibut have anything to do with those two populations.
They are an independent population and I think they travel great distances and they appear
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out of nowhere and they disappear as fast as they appear. I feel that there are quite a number of big halibut around,
mainly coming around during maybe a spawning season, or they follow the bait, and if there is a lot of feed around
then the big halibut come around.

I would like to see more tagging of large halibut so we'd get some idea where these large halibut come to and go
to and where they come from. I catch them in 30–40 fathoms of water, and I catch them at the islands in gill nets in
10 or 15 fathoms of water. They are there for a few days, then they are gone. In trawling nobody catches them inside
of 200 fathoms when they're around. So they've either got to be really deep or they've gone up and down the coast. I
feel that they go up and down the coast and they go really deep, but I don't know, it's my observation. So I'd like to
see if it's possible to do some tagging on these larger halibut to see exactly what they do and get a better idea. The
big fish are around; they are not around only when conditions are right for them to be around.

I think that there's a heck of a lot of fish of the sublegal size and the just-legal size that are in deeper water that I
don't hear being talked about today. I hear the depth ranges seem to be shallower than when we catch them trawling.
I think there are a lot of fish around that people don't realize are around. It would be good to also tag that size of fish
more. The Morro Bay tagging was very interesting. I know a little about tagging in the Santa Barbara area in the late
50s where a fish was tagged in Santa Barbara and in 5 weeks recovered in Oceanside. That was around a 15-pound
fish that was tagged at that time. I think that you would see a larger size fish taken in sport fishing if they fished in
deeper waters. I think they are fishing in the nursery areas more, and if they would fish out farther, then they would
have a larger size catch. I notice that they all tend to fish right along the beaches. In Santa Monica Bay they seem to
fish fairly close in. If you go out on the Santa Monica Bank you will find some really nice large fish out there. But
hardly anyone fishes out there sport fishing. The fish are there; some gill-netters fish there and catch some, and there
were a couple of shrimp trawlers that were catching them out there in deep water. Therefore, you know the popula-
tions are there, and I think you would see the size of sport-caught fish go up if the sport fisherman somehow realized
that they'd catch bigger fish if they fished in areas where bigger fish lived.

I'd also like to see in future management some emphasis put on the survival rate of released fish in sports fishing.
There have been different theories about the survival rate, but I don't think anyone is quite sure what it is. I feel that
it's important to know because it looks like a large quantity of fish are caught and released. I think we should try to
make it so that if that continues to happen that the survival rates are as good as they can be. One of the ways I would
recommend helping the survival rate is to outlaw the treble hook in the use of sports fishing. A lot of the treble hook
setups are used to catch halibut. I grew up in the sport fishing business. I worked over there at Joe Martin's, at 22nd
Street, when I was a kid, and we caught halibut. Most of the halibut I caught swallowed the hook, and they swallow
those little treble hooks. If you leave the hooks in the fish, it's not so bad. But a lot of people when they are catching
20–30 small halibut a day don't want to leave them in, so they just reach down
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in there with their pliers and pull them out, and I don't know how this effects the survival rate. I just know that the
treble hook is not a good thing for halibut fishing, myself.

One comment was made about the size of fish caught dragging. John thought that maybe the fish are smaller
around in the Santa Barbara area, but I think that the size of the halibut caught dragging versus the size of halibut
caught in gill nets depends on where you are fishing. I see that different areas have different size fish. John said that
in the area that he had sampled the fish were smaller in gill nets than they were trawling. What about other areas? I
see an awful lot of big fish, and on an average a lot of fish are bigger in trawling than they are in gill nets. Just basic
information from my observation.

There was some talk about dividing up the population of some fish. How serious that is I don't know, but to me
that's pretty difficult to do. And you've got to remember that in the state of California the fish belong to everyone.
When we go to divide them up the commercial fishermen represent all the people that aren't out sport fishing. So
how do we divide them up? Fifty, fifty? Twenty-five, seventy-five? It's something to really think about. Who's going
to get the fair share, the people of California? the sport fishermen? I'd say that the commercial fishermen are the
people of California. That's something that's a real can of worms, I think.

Most of all, what I'd like to see out of this whole thing is that different user groups would stop fighting over this
resource and learn to work together a little more. I think there are enough fish for everyone out there, and it seems to
me that there is a handful of people that seem to be stirring the pot all the time, maybe for a little personal gain, de-
pending on what type of business they're in. I know that talking as a commercial fisherman, or I'll say representing
commercial fishermen's feelings, that everyone of them would like to see this come to an end. Because it's a continu-
al fight. It seems, not only in halibut but in anything a commercial fisherman catches, he is in a fight with other user
groups. A lot of it is misinformation, I think, that is being passed out, in different publications and stuff, that is caus-
ing this problem, and people just aren't aware of the real facts. I'd like to see that stopped.

That's about all I have to say today. It's been real interesting being here and I'm going back with some good in-
formation that I didn't have when I came here. Thank you.

Mr. Frumkes:
First of all, I'm at risk in thanking you for sitting me up here. I'm not sure it's going to be as much fun at this end

of the questions as it was asking them. I'm supposed to be representing the recreation industry and I participate in
that industry now. I've also been a commercial fisherman for about 11 years. Most of all I think of myself as a sci-
entist usually filling in gaps that I find in the data being presented by other people. I'm independent and in that re-
spect I can risk saying what I choose.

I was very happy to hear the Reed and McCall paper referenced. It was a yield per recruit analysis and I will be
referring to some excerpts from it.

I don't want to pass up an opportunity to agree with Mike. First of all I agree that I would really like to see tagging
of the larger fish, too. I guess it's a matter
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of us paying $2.00 a pound to be able to do that. It's the only reason I can think of that we are not tagging them. We
can tag the shorts because they are going back anyway; we're not tagging the larger fish for $2.00 a pound. I think
that's ridiculous and yet I think it is typical of how our research gets somehow bogged down, and I would like to talk
a little about research also. Personally, I also agree with Mike about the treble hook, but I think I'd be shot by a lot of
boat operators for saying this.

As a matter of fact we are going to have to think a lot more about the halibut management coming closer to the
way we have been managing salmon. I think the future of the management of the nearshore in general is probably
going to, in our generation, be more like the management of lakes than the management of an infinite sea. That's the
direction I think we'll be going because we have a limited resource and more and more pressure, and we're all fight-
ing for our share of the resource.

So as a representative of the recreational industry, I'm supposed to say what I think that industry wants. I guess
they want more. I think they want more halibut, I think they want more management, and I think they want more re-
search. The first way to get more halibut is to have good recruitment. Elimination of impacts of the back bays is one
factor that causes good recruitment.

Given that we have recruits, given that we've got halibut which are about 20 inches, the first thing we should do is
make them useful. In recent years we've had an awful lot of fish entering the fisheries, and they survive for about 2
years. Look at the distribution of the fish caught in gill nets, trawls, or the recreational catch and you will see that
they are not much different. You see a couple of years of fish and then there is just a drop off. That is not a natural
population, that's a population which has essentially been cropped of large adults. We are growth overfishing
halibut. I'm quoting John Stephens.

The Department cooperated with McCall of the National Marine Fisheries Service to put together a management
scheme. The idea was that we would be making better use of the resources if we waited until the fish were 26
inches. One year increases the body weight about 50 percent. The data I have seen was that the fish were entering
the fishery at 4 years of age; apparently they are entering at 5 years. Anyway, now we are waiting 5 years. One more
year can give a 50 percent increase in the weight of that fish. Now, it's a top predator; it's not likely to die of its own
accord, so if it doesn't make it through that year it's probably going to be due to fishing mortality. The way to reduce
the fishing mortality is 1) get a larger mesh gill net and a larger mesh trawl to allow the escape of the fish between
22 and 26 inches, and 2) reduce the recreational mortality associated with those fish. I guess you could have a small
incidental take of fish under 26 inches in both the commercial and recreational catches. If we did that we would have
a substantially larger biomass. There would be more for everybody. All we have to do is allow that one year. So that
has nothing to do with taking from anyone; it's just making more use of the fish we've got.

This management methodology will, however, require a reduction in fishing effort, because the problem with
waiting that year is that the fish have such a high probability of being caught. The McCall paper says that the recre-
ational
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halibut industry has been preempted by commercial fishing. They say that the fishing effort has to be reduced. It's
presently about twice optimum level. We have to increase the mesh size and maybe remove the suspenders, too. We
also have to reduce the number of nets. The number of nets has exploded with the introduction of monofilament in
the 70s. We want to return to the level of fishing effort in the early 70s. With that we can have more halibut to go
around.

Next I would say that the recreational industry would like to see the halibut caught in ways that have the least
negative side effects. Minimize the bycatch. In general, that's by using less efficient gear. Maybe you take away the
suspenders, and don't use nets in areas where you are likely to catch fish that you don't want to catch. Maybe you
can do it without nets. Maybe it can be done by just trolling because of the higher population. There used to be a
successful trolling fishery. The work that has been done up until now has said that trolling has been promising, but
we haven't done much more work on it. The Department of Fish and Game, in managing the fishery, should be able
to observe anything that it wants to. It should be able to go on a sport boat and look in the sacks, and it should be
able to go on a commercial boat and look. It should be able to have a net pulled. It's a privilege to fish, and we have
to allow the Department to measure what it wants to measure and to do designed experiments. Again the gill net
study is a flawed study because they ask permission. They go out when they can and they tell what they see. It
would be better, cheaper, and more effective if more studies were designed. I would like to see studies done in gen-
eral more as they are in the community I am used to. I come from a medical community and there we have to devel-
op the study design very carefully. We send them out to our peers for review, and we learn an awful lot from what
our peers return. We end up with a designed study.

OPEN DISCUSSION
Mr. Golden:

We are going to have questions and answers for about 20 minutes. First I'm going to ask the panel members if
they have any questions for each other, then I will open the discussion to all symposium attendees.

Note: Low tape quality precluded a direct transcript of the question and answer session; however, the list below
serves to summarize some of the key points made during the question and answer session, as well the panel discus-
sion. There are many other issues, conclusions, and recommendations coming from this symposium, which may be
located in the text of the papers presented over the course of the entire symposium.
 
 1. There was a concern that an increased minimum size of 26 inches might only apply to commercial fishermen. 
     Mr. Frumkes indicated that the recommendation to go to 26 inches (from 22 inches) should apply to both   
     fishing groups.

 
2. How would sex ratio change with population density? Is this an area that is in need of additional research?

 
3. Additional studies related to spawning behavior and spawning habitat should be conducted.
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 4. Habitat improvement policies and initiatives for bays and estuaries should be given high priority.

5. Mr. Frumkes indicated that his group has made a start on dealing with items 3 and 4 above with their 
    "Bay-Estuary-Nearshore Ecosystem Study.

6. Mr. McCorkle suggested that the interactions of halibut populations between Mexico and California be studied, 
    and to consider some tagging studies to look for deep water populations of halibut.

7. Continue to work on population modeling and the collection of the kind of data necessary for the models to reach 
    a higher level of credibility.

8. Elimination of treble hooks in the fishery should be considered as a way to increase survivability of short fish.

9. Make a concerted effort to understand how management influences the halibut population.

10. Stocking programs should be based upon research which clearly indicates a need, and then only if the ability to 
     verify the effect of the stocking is designed into the program. 
  
PANEL DISCUSSION CLOSING REMARKS
Mr. Golden:
In the time remaining, I would like to highlight some of the remarks made during the panel discussion. First, I would
like to emphasize the importance of the issue of wetlands protection and enhancement, as it relates to fish stocks.
Sharon Kramer's presentation yesterday and ongoing work by Larry G. Allen (California State University, North-
ridge) and M. James Allen (MBC Applied Environmental Sciences) are an important beginning in documenting the
role that wetlands and nearshore habitat play with respect to halibut stocks.

Many issues brought up today on how to increase halibut stocks are met with disagreement by one or more in-
terests; but preserving, enhancing, restoring, and keeping our wetlands functioning should be a common goal of the
commercial fishermen, recreational fishermen, and all of the resource agencies that are interested in the California
halibut. To be successful we cannot limit ourselves to the science of the issue, but we must get involved with the
politics as well, since it is quite often the politics of the issue that becomes the deciding factor.

Second, I would like to complement Al Petrovich (CDFG) for coming up with the idea of an action plan based
upon the papers and issues brought forth today. As Dr. Botsford mentioned, all too often we leave meetings such as
this with a lot of good information that is not acted upon in any organized and specific manner. I am looking for-
ward to seeing a draft action plan which is made available to interested parties outside of the California Department
of Fish and Game for comment and review. Bringing together the expertise of the academic community, scientists
from other agencies, organizations such as the American Institute of Fishery Research Biologists (AIFRB), and user
groups can only improve on what I believe can be the most important accomplishment of this symposium.

Finally, wearing the hat of the Director of the Southern California Chapter of the AIFRB, I would like to thank
the people that helped organize and handle the 
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logistics of the meeting, especially AIFRB members Ann Brierton, Steve Caddell, Pete Haaker, Jim Allen, Mark
Helvey, Kevin Herbinson, and several Department of Fish and Game personnel.

SYMPOSIUM CLOSING REMARKS
Mr. Sunada, Symposium coordinator:
A lot of people have come up to tell me what a difficult job it must have been for me to conduct this symposium. To
be honest, it was not that bad, since of the 28 papers scheduled only three were no-shows, indicating the high degree
of professionalism and dedication of all the people involved.

I would also like to extend accolades to the American Institute of Fishery Research Biologists, and particularly
their Director, Marty Golden, for providing most of the logistic support and front money for putting on the Symposi-
um. Also, accolades to Dr. Susanne Lawrenz-Miller and staff of the Cabrillo Marine Museum for the use of their fa-
cilities and audiovisual support. of course in the trenches were the members of the Symposium Committee which in-
cluded Pete Haaker, Steve Crooke, John Hunter, Geoff Moser, Jim Berkson, Jim Hardwick, Marija Vojkovich, Rick
Klingbeil, Christine Pattison, Cheryl Avants, Marty Golden, and Rhonda Reed. Also Liz Cardin and Patty Velez
helped with registration.

Thank you, Bob Fletcher, for the Keynote Presentation and also to the panelists for giving their views and insight
into the issues we have talked about today. Last but not least, this symposium would not have been possible without
the support of my supervisor, Rick Klingbeil; the Program Manager, Rolf Mall; and our Division Chief, Al Petro-
vich.

Thank you to the audience for your support. You all deserve a hardy round of applause.
I hereby adjourn this Symposium. Have a safe trip home.

461



462



ADDENDUM
A SYNOPSIS OF CALIFORNIA HALIBUT LAWS AND REGULATIONS

D. L. SCHULTZE
Marine Resources Division

California Department of Fish and Game
1416 Ninth Street Sacramento, CA 95814

INTRODUCTION
Before presenting a list of California halibut laws and regulations, it may be helpful to review the evolution of Cali-
fornia's fish and game laws and regulations, and the origin of existing management authority. Until 1933, California
laws regulating the take of fish and shellfish were typically included in the California Penal Code and the Political
Code (first published as Revised Laws of the State of California in Four Volumes: Political, Civil, Civil Procedures,
and Penal in 1871), or were the result of other earlier separate Acts adopted by the California Legislature.

The Fish and Game Commission (FGC), known as the State Board of Fish and Game Commissioners prior to
1927, and Board of Fish Commissioners prior to 1909, annually or bi-annually compiled fish and game-related stat-
utes into a volume variously entitled Laws Relating to Fish and Game and Fish and Game Laws. This volume served
as a reference guide and, in this respect, served the same general purpose as today's Fish and Game Code (FG Code)
and Title 14 of the California Code of Regulations (CCR—entitled the California Administrative Code prior to
1988).

In 1927 the Division of Fish and Game was established within the Department of Natural Resources. The new Di-
vision assumed many of the administrative duties formerly performed by the Commission, while the Commission
retained its policy and regulatory authority. The regulatory powers of the Fish and Game Commission were
broadened considerably in 1945, when the Legislature (through a constitutional amendment) delegated to the Com-
mission authority for regulating sport fishing and hunting. Also in 1945, regulations of the Fish and Game Commis-
sion were first incorporated into Division I of Title 14, of the California Administrative Code.

The Fish and Game Code was created in 1933 with the transfer of Penal Code sections and other sections regard-
ing the take of fish and game. Following an intensive review during the mid-1950s by the California Law Revision
Commission, the Fish and Game Code was repealed in its entirety, reorganized and readopted in 1957 in its present
general form.

Some of the earliest laws directed at marine species appear to be those encouraging the cultivation of oysters
(enacted 1851), and licensing of commercial fishermen (enacted 1887). Laws directed at other marine shellfish spe-
cies such as abalone, crab, crawfish (lobster), and shrimp; and anadromous
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species such as salmon, shad, steelhead, striped bass, and sturgeon were enacted during the 1890s. It was not until
1909 that the first law directed specifically at the take of wholly-marine species of fin fish was enacted. This law
(Section 628 of the Penal Code) made it a misdemeanor to take, catch, or kill any "California whiting" (California
corbina) also termed "surf-fish" or any "yellow-fin" or "spot-fin" croaker, except with hook-and-line.

In 1913, the Anglers License Act made it a misdemeanor for any person over 18 years of age to take, catch, or kill
any "game fish" for any purpose other than profit, without first purchasing a license. For purposes of the Act, "game
fishes" did not include California halibut, but did include "tuna, yellowtail, giant sea bass, albacore, barracuda,
bonito, rock bass (kelp bass), California whiting, also known as corbina and surf-fish, yellowfin croaker, spotfin
croaker, salmon, steelhead, and other trout, charr, white-fish (mountain whitefish), striped bass and black bass". Be-
ginning in 1947 a "sporting fishing license" was required by persons over the age of 16 to take any fish (including
California halibut) for any purpose other than profit.

Laws and regulations affecting California halibut can perhaps best be categorized as those which directly refer to
California halibut and those which, though not directly referring to California halibut, affect some aspect of the fish-
eries for that species, such as gear restrictions or gear construction standards (mesh size, etc.). The term "regulation"
is often popularly applied to both provisions enacted by the Legislature and those adopted by boards and commis-
sion. However, the convention typically followed by lawmakers and other regulatory bodies is that the Legislature
enacts laws (statutes), while boards and commissions (the Fish and Game Commission, in this case) adopt orders,
rules, and regulations under authority provided to them by the Legislature.

In this regard, Table 1 includes laws and Table 2 regulations directly referring to California halibut. Table 1 in-
cludes the chapter number and date of the legislation adding or amending a Code section (where available), while
Table 2 includes the Register number and date associated with the filing of a new or revised Fish and Game Com-
mission regulation. In most cases, legislation becomes effective on January 1 of the year following its enactment.
However, legislation may specify another effective date after January 1 (for part or all of the provisions in the bill).
Also, when legislation is enacted on an emergency basis, the provisions typically become effective immediately
upon filing with the Secretary of State.

Laws and regulations which do not directly refer to California halibut, but may have a significant effect upon the
fisheries for California halibut are briefly discussed below.

CALIFORNIA HALIBUT COMMERCIAL FISHING LAWS
Perhaps the first and most descriptive account of the early commercial fisheries for, and laws related to the taking of,
California Halibut is contained in an early report entitled, The California Halibut (Paralichthys californicus) and an
Analysis of the Boat Catches (Clark 1931). Clark's account of the trammel and trawl net provisions in effect prior to
1930 follows.
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“"Aside from the geographical separations of fishing areas, the California halibut fishery can be segregated into two
divisions: the trammel net and the trawl net fisheries.” “"Trammel nets are, and have been, legal ocean fishing gear
since 1915 from the northern boundary of Mendocino County to the California-Mexican boundary line, with the ex-
ception of Monterey Bay. Previous to 1915, the use of trammel nets was prohibited in the State in 1911, but in 1913
trammel nets could be legally fished in the coastal waters of the State one mile from shore. In 1919, regulations were
made for the use of trammel nets in the Sacramento River and San Francisco Bay districts.” “"Trawl or drag nets
were first prohibited in southern California in 1911, when what was then known as district 6 (coastal waters from
the northern boundary of Ventura County to the Mexican line) was closed to trawl net fishing. In 1915, new fish and
game districts were created so that the coastal waters from the northern boundary of Santa Barbara County to the
Mexican line became district 19, in which possession of trawl nets was prohibited. In this year, the entire State wa-
ters were closed to the use of trawl nets, but possession was only prohibited in district 19, so that trawling could be
carried on outside of the three-mile limit. In 1917, it became lawful to use trawls in the coastal waters from the Ore-
gon line to the southern boundary of Mendocino County (districts 5, 6 and 7) and from Point Carmel in Monterey
County to the northern boundary of Santa Barbara County (district 18). It also became lawful to use drag nets in dis-
trict 13 for shrimps. District 19 was closed to fishing with trawl nets.” “"The law enacted in 1915, prohibiting the
possession of trawls in district 19 remained on the statutes until 1923, but could not be enforced because the later
law passed in 1917 superseded it until 1923. In 1919, the use of drag nets for catching shrimps was permitted in dis-
trict 12; and the bays in district 18 (Point Carmel to Santa Barbara, northern county line) were closed to trawl net
operations. This last act was passed because it was believed that the waters close to shore and in the bays were nurs-
eries for young fish. No new trawl net legislation was enacted until 1923, at which time the possession of drag nets
was prohibited in district 19 (coastal waters from northern Santa Barbara County line to Mexican line), in land dis-
trict 4 (southern Ventura County line to Mexican line), in districts 20 and 20A (Catalina Island and water around the
island), and in district 21 (San Diego Bay). This last law was a great help to the enforcement agents of the State in
controlling trawl nets in district 19. In order to aid the trawl net fishermen, who maintain they never fished close to
shore or took small fish in their nets, Santa Barbara County was taken out of district 19 and placed in district 18 in
1925. The rest of the regulations remained as before. In 1927, after the courts had decided that Monterey Bay and
three miles beyond was State territory, it became lawful to fish with trawls in Monterey Bay provided fishing was
confined to waters of 25 fathoms or more in depth. In addition, district 2 in the Sacramento River was opened to
trawl nets for shrimp fishing. The other regulations remained as they were the previous year. No change in the trawl
net law has occurred since 1927."”

Since this account relatively little has been published regarding the commercial or recreational fisheries for Cali-
fornia halibut.
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The most recently published account of California halibut laws and regulations (Methot 1983) provides insights
into the reasons for regulatory changes occurring from 1960 until 1983 and are reproduced here in part. “"Two regu-
lations historically have affected the commercial halibut fishery: exclusion of trawls from the region nearshore of
three miles and a four-pound size limit. Because the preferred habitat of halibut is shallow sandy bottoms, much of
the stock was unavailable to the trawl fishery. During the low catch period of the late 1900's, there was interest in in-
creasing short-term catches while allowing gradual improvement of the resource. In 1971, the California Assembly
attempted to improve catches by establishing a special inshore halibut trawl ground that extended to one mile off
shore at the Santa Barbara area.” “"To allow gradual improvement of the stock, special regulations were placed on
trawling in this region. The season was closed from March 15 to June 15 and a minimum mesh size of 7.5 inches
was required in the cod end of the trawls. The closed season was designed to protect the nearshore fish during the
spawning season. The mesh-size limitation was designed to permit undersized fish to escape through the mesh. At
the same time, a 22-inch size limit was established for the recreational fishery to balance the regulatory impact
between the commercial and recreational fisheries. The biological impact of opening the nearshore region to trawl-
ing was balanced against the increased protection of the young fish.” “"The legislation that established the halibut
trawl grounds also required that the effect of the legislation be evaluated. [It was] found that the mesh-size regula-
tion was effective in greatly reducing retention by trawls of fish less than 22 inches (about four pounds). Compliance
with the recreational size limit initially was poor, but now is improving. In 1975 to 1976 greater than 43% of the
halibut landed by the independent sport fishery were smaller than legal size but, by 1981, this figure had declined to
less than 29%. Although an attempt to detect a recovery in the stock was inconclusive, the commercial catch in-
creased greatly in 1981 after the report [to the Legislature] was prepared."”

Since 1980, changes in laws and regulations affecting the commercial fisheries for California halibut have fo-
cused primarily upon further limitations on the use of gill and trammel nets, gear modifications, and the area encom-
passed by the California halibut trawl grounds (Table 1). These changes include: 1) The establishment of a revoc-
able nontransferable permit for the use of gill and trammel nets (commonly referred to as the general gill and tram-
mel net permit) (Ch. 316, Stats. 1980; Ch. 1002, Stats. 1985; Ch. 436, Stats. 1985; Ch. 1242, Stats. 1989); 2) Several
area and season closures for the use of gill and trammel nets to protect seabirds, marine mammals, and nearshore
kelp bed resources (Ch. 316, Stats. 1982; Ch. 206, Stats. 1984; Ch. 50, Stats. 1985; Ch. 854, Stats. 1985; Ch.910,
Stats. 1986; Ch. 1298, Stats. 1987; Ch. 702, Stats. 1987; Ch. 979, Stats. 1987); 3) Increasing the mesh size and limit-
ing the length of gill and trammel nets, and reducing the tolerance of undersized California halibut allowed to be
taken by gill and trammel net fishermen (Ch. 1002, Stats. 1985; Ch. 1031, Stats. 1988); and 4) Increasing the area of
the California halibut trawl grounds (Ch. 353, Stats. 1988).
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TABLE 2. California Halibut Regulations (Title 14 CCR)
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