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INTRODUCTION

William H. Bayliff

Inter-American Tropical Tuna Commission
La dJolla, California
1980






In 1979, at the request of the Comision Permanente del Pacifico Sur,
staff members of the Inter-American Tropical Tuna Commission prepared synopses
of eight species of scombrid fishes. These are to be published in Spanish in
Revista de la Comision Permanente del Pacifico Sur, Number 11, in 1980. This
volume contains English versions of those synopses. The Spanish and English
versions are not identical, however, the latter having been updated and some-
what modified after the Spanish versions were submitted for publication.

These synopses follow closely the format prepared by Rosa (1965) for the
synopses to be published by the Food and Agriculture Organization of the
United Nations and cooperating organizations. However, instead of preparing
detailed taxonomic reviews of the individual species, the taxonomic informa-
tion for all of the scombrids and billfishes has been put into a separate
chapter.

With one exception, the synopses consist almost entirely of information
obtained from studies conducted in the Pacific Ocean, In a few cases, how-
ever, when better information is available from investigations made elsewhere

this information is included. The exception is the synopsis for Thunnus mac-

coyii. This species has a nearly circumpolar distribution in the Southern
Ocean and the southern portions of the Atlantic, Indian, and Pacific oceans,
so it would be impractical to consider only studies pertaining to the Pacific
Ocean.

A synopsis of Euthynnus spp. was prepared by Yoshida (1979a), and one for

Katsuwonus pelamis 1is currently being prepared by staff members of the U, S.

National Marine Fisheries Service (NMFS) laboratory at Honolulu, Hawaii. The
manuscript for the latter was generously made available to the Tuna Commission
by Mr. Richard S. Shomura, director of that laboratory. Heavy reliance was

placed on the NMFS synopsis for Katsuwonus pelamis during the preparation of

the Tuna Commission synopsis on that species. However, the latter includes
some information not included in the NMFS synopsis, and the two synopses
differ in regard to the emphases placed on different subjects. The Tuna Com-

mission synopsis for Euthynnus 1lineatus consists of portions of Yoshida's

(1979a) synopsis and of material compiled by Mr. Muhlia-Melo, The 1latter is
indicated by brackets. -

The Bibliography lists all the references cited in this volume, plus some
others which are not cited. Codes pertaining to species appear with most of

the references, the exceptions being some of the taxonomic, statistical, and
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gear papers. The codes for all the species discussed in a given reference are

recorded, even though not all the synopses cite that reference.



CLASSIFICATION OF THE TUNAS, MACKEKELS, BILLFISHES, AND

RELATED SPECIES, AND THEIR GEOGRAPHICAL DISTRIBUTION
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The word "tuna® lacks precision, as it is applied to various fishes, but
to fishery biologists it usually signifies members of the tribe Thunnini, a
subdivision of the family Scombridae (Klawe, 1977; Collette, 1978). The term
"related fishes," although widely used, 1is even more difficult to define.
Among fishery biologists it is generally accepted that the expression f'tunas
and related fishes" applies to all the genera of the family Scombridae except

Rastrelliger and Scomber, and to all genera of the families Istiophoridae and

Xiphiidae. The mackerels, Rastrelliger and Scomber, are excluded because

their mode of life, the nature of the fisheries directed toward them, and the
marketing of their catches differ considerably from those of the other related
fishes.

The families Scombridae, Istiophoridae, and Xiphiidae belong to the order
Perciformes. This order, in turn, is divided into several suborders, one of
which is the Scombroidei. Some taxonomists (i.e. Gregory and Conrad, 1937 and
1943; Lindberg, 1971) assign the three families to this suborder, while others
(i.e. Gosline, 1968) consider Istiophoridae and Xiphiidae to belong to the
order Xiphioidei.

If Lindberg's scheme is followed the system of classification above the
generic level is as follows:

Phylum Chordata

Subphylum Vertebrata
Superclass Gnathostomata
Class Teleostomi
Subclass Actinopterygii
Order Perciformes
Suborder Scombroidei
Family Scombridae
Family Istiophoridae
Family Xiphiidae
The taxonomic relationships of all the genera of the three families under con-
sideration are shown diagramatically in Figure 1. The taxonomic position of

the monotypic genus Gasterochisma melampus, most commonly considered to

comprise the subfamily Gasterochismatinae, 1is in dire need of study. As
stated by Collette (1978), the possibility that Gasterochisma may not be a

member of the family Scombridae cannot be precluded. There is some doubt

about the taxonomic position of the genus Grammatorcynus, which in Figure 1 is
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shown to be a member of the tribe Scomberomorini of the family Scombridae. As
pointed out recently by Collette and Russo (1979), this mono-specific genus
shares some characters with the tribe Scombrini. There is therefore a possi-
bility that it may be transferred into that tribe or even left by itself.

A list of the species oif' the families Scombridae, Istiophoridae, and
Xiphiidae appears below, with a brief summary of the geographic distribution
of each species., The list is based on that of Joseph, Klawe, and Murphy
(1980). Asterisks appear beside the names of the species which occur in the
Pacific Ocean. The genera and species within each of the taxonomic units are
arranged alphabetically. The three-letter identifiers and the standard common
names in English, French, and Spanish used in this list are those accepted by
the Food and Agriculture Organization of the United Nations. The three-letter
identifiers are intended for use in computer processing of catch statistics
and other fishery data. Lack of a common name indicates that the Food and
Agriculture Organization has not yet decided upon the standard common name for

that species.



FAMILY SCOMBRIDAE
Subfamily Gasterochismatinae

¥Butterfly kingfish BUK
Gasterochisma melampus Richardson, 1845

Throughout the southern hemisphere, mostly between latitude 35°S and
at least latitude 50°S; in the southeastern Indian Ocean as far
north as latitude 26°S; distribution appears to parallel the zone
just north of the West Wind Drift.

Subfamily Scombrinae
Tribe Scombrini, mackerels

*Short mackerel RAB; maquereau de Pacifique (F); caballa del Pacifico (8)
Rastrelliger brachysoma (Bleeker, 1851)

Malaysia, Indonesia, Papua New Guinea, and Solomon and Fiji islands.

*Island mackerel RAF
Rastrelliger faughni Matsui, 1967

Philippines, Taiwan, Papua New Guinea, and Indonesia.

¥Indian mackerel RAG; maquereau des Indes (F); caballa de la India (S)
Rastrelliger kanagurta (Cuvier, 15617)

East coast of Africa, Seychelles, Arabian Sea, eastward through
Indonesia and off northern Australia to Melanesia and Micronesia,
Gulf of Thailand, Samoa, coast of China, and Ryukyus; recent immi-
grant, through the Suez Canal, to the Mediterranean Sea.

#Spotted chub mackerel MAA
Scomber australasicus Cuvier in Cuvier and Valenciennes, 1831

Off Australia, New Zealand, China, Japan, Hawaii, and Revillagigedo
Islands in the eastern Pacific.

*¥Chub mackerel MAS; maquereau espagnol (F); estornino (8)
Scomber japonicus Houttuyn, 1782

Temperate and warm waters of both hemispheres, present in the Medi-
terranean Sea.

Atlantic mackerel MAC; maquereau de l'Atlantique (F); caballa del Atlan-
tico (8)
Scomber scombrus Linnaeus, 1758

Temperate and near-temperate waters of the Atlantic Ocean, including
the Mediterranean and Black seas.



Tribe Scomberomorini, seerfishes

®Wahoo WAH; thazard-batard (F); peto (S)
Acanthocybium solandri (Cuvier in Cuvier and Valenciennes, 1831)

Tropical and subtropical waters of the Indian, Pacific, and Atlantic
oceans, including the Mediterranean Sea.

¥Double-lined mackerel DBM
Grammatorcynus bicarinatus (Quoy and Gaimard, 1824)

Red Sea; absent from the Arabian Sea and Bay of Bengal; present off
southeast Asia, Australia, Papua New Guinea, Philippines, Ryukyus,
Marshalls, and Tonga.

Serra Spanish mackerel BRS; thazard serra (F); serra (3)
Scomberomorus brasiliensis Collette, Russo, and Zavala-Camin, 1978

Atlantic coast of Central America and South America from Belize
south to Rio Grande do Sul, Brazil.

King mackerel KGM; thazard barre (F); carite lucio (3)
Scomberomorus cavalla (Cuvier, 1829)

Tropical western Atlantie Ocean.

®Narrow-barred king mackerel COM; thazard raye Indo-Pacifique (F); carita
estriada del Indo-Pacifico (8)
Scomberomorus commerson (Lacepede, 1800)

Indian and western Pacific oceans, Cape of Good Hope, east Africa,
Red Sea eastward to Malaysia, Gulf of Thailand, Australia,
Indonesia, Fiji, Philippines, China, Taiwan, and Japan; recent immi-
grant to the Mediterranean Sea.

¥Monterey Spanish mackerel MOS; thazard Monterey (F); carita Monterey (S)
Scomberomorus concolor (Lockington, 1879)

Gulf of California, formerly abundant in Monterey Bay, California.

¥®¥Indo~Pacific king mackerel GUT; thazard ponctue Indo-Pacifique (F); ca-
rita del Indo-Pacifico (S)
Scomberomorus guttatus (Bloch and Schneider, 1801)

Indian and Pacific oceans from Japan to India.

¥Korean seerfish KOS; thazard de Coree (F); carita de Corea (S)
Scomberomorus koreanus Kishinouye, 1915

Indian and Pacific oceans from Korea to India.

®Streaked seerfish STS
Scomberomorus lineolatus {(Cuvier in Cuvier and Valenciennes, 1831)

Coastal waters of India and Sri Lanka eastward to Southeast Asia and
Indonesia.,
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Atlantic Spanish mackerel SSM; thazard atlantique (F); carite atlantico (S)
Scomberomorus maculatus (Mitchill, 1815)

Atlantic coast of North America from Massachusetts, U.S,A., south to
Yucatan, Mexico.

#Papuan seerfish PAP; thazard de Papouasie (F); carita de Papua (S)
Scomberomorus multiradiatus Munro, 1964

Shallow waters of Gulf of Papua off the mouth of the Fly River,

*®jpustralian spotted mackerel
Scomberomorus munroi Collette and Russo, 1980

Northern Australia and southern Papua New Guinea.

*Japanese Spanish mackerel NPH; thazard orientale (F); carita oriental (3)
Scomberomorus niphonius (Cuvier in Cuvier and Valenciennes, 1831)

Temperate and subtropical waters of the western North Pacific,
Japan, Korea, and China.

Kanadi kingfish KAK; thazard kanadi (F); carita kanadi (8)
Scomberomorus plurilineatus Fourmanoir, 1966

East African coastline from Kenya to South Natal; west coast of
Mad agascar.

*Queensland school mackerel QUM; thazard de Queensland (F); carita de
Queensland (S)
Scomberomorus queenslandicus Munro, 1643

East and west coasts of Australia.

Cero CER; thazad franc; carite chinigua (S)
Scomberomorus regalis (Bloch, 1793)

Tropical and subtropical waters of the western Atlantic Ocean, par-
ticularly in the West Indies.

¥proad-barred king mackerel BBM
Scomberomorus semifasciatus (Macleay, 1884)

Off Queensland and the Northern Territory of Australia, southern
Papua New Guinea.

*Sjierra SIE; thazard sierra (F); sierra (S)
Scomberomorus sierra Jordan and Starks in Jordan, 1895

Eastern Pacific Ocean, from California to Peru and around the
Galapagos Islands.

®Chinese seerfish CHY; thazard de Chine (F); carita de China (8)
Scomberomorus sinensis (Lacepede, 1800)

Western Pacific Ocean from Japan to Viet Nam; present also in Kam-
puchea {(Cambodia) in the Mekong system (does not reproduce in fresh
water),
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Western African Spanish mackerel MAW; thazard Ouest-Africain (F); carita
Ceste~Africana (S)
Scomberomorus tritor (Cuvier in Cuvier and Valenciennes, 1831)

Eastern Atlantic off west coast of Africa; rare in the Mediterranean
Sea.

Tribe Sardini, bonitos

#3lender tuna SLT
Allothunnus fallai Serventy, 1948

Southern Ocean, south of latitude 2093; one record from eastern
Pacific.

*Leaping bonito LEB
Cybiosarda elegans (Whitley, 1935)

Northern Australia and south coast of Papua New Guinea.

®¥hogtooth tuna DOT; bonite orientale (F); bonito Pacifico (8)
Gymnosarda unicolor (Ruppell, 1838)

Red Sea and East Africa eastward to Australia, Papua New Guinea, and
Marshall,Society, Marquesas, Tuamotu, and Pitcairn islands; sporadic
in southern Japanese waters.

Plain bonito BOP; palomete (F); tasarte (S)
Orcynopsis unicolor (Geoffroy St. Hilaire, 1817)

West coast of Africa northward from Gulf of Guinea, Mediterranean Sea.
®Australian bonito BAU; bonite d'Australie (F): bonito de Australia (S)
Sarda australis (Macleay, 1880)

Limited to southeastern coast of Australia from the Tropic of Capri-
corn south to Tasmania; also around Norfolk Island.

¥Fastern Pacific bonito BEP; bonite du Pacifique est (F); bonito del Paci-
fico este (8)
Sarda chiliensis (Cuvier in Cuvier and Valenciennes, 1831)

Eastern Pacific Ocean from Vancouver 1Island to Baja California;
absent from truly tropical waters of Middle America and then present
again from Peru to northern Chile,.

*Indo-Pacific bonito BIP; bonite Indo-Pacifique (F); bonito del Indo-
Pacifico (S)
Sarda orientalis (Temminck and Schlegel, 1844)

Coastal regions of the Indian and Pacific oceans; also present
around many of the islands; east coast of Africa, Red Sea, Arabian
Sea, Gulf of Bengal, Western Australia, Indonesia, China, Taiwan,
Japan, occasionally in Hawaiian waters; in the eastern Pacific, Mid-
dle America to Ecuador, including the Galapagos Islands.
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Atlantic bonitoc BON; pelamide (=bonite a dos raye) (F); bonito atlantico
(3)
Sarda sarda (Bloch, 1793)

Tropical and temperate coasts of the Atlantic Ocean including the
Mediterranean and Black seas.

Tribe Thunnini, tunas

*¥Bullet tuna BLT; auxide (F); melva (S)
Auxis rochei (Risso, 1810)

Warm waters of the Indian, Pacific, and Atlantic oceans, including
the Mediterranean Sea.

¥Frigate tuna FRI; auxide (F); melva (S)
Auxis thazard (Lacepede, 1800)

Warm waters of the Indian, Pacific, and Atlantic oceans.

¥Kawakawa KAW; thonine orientale (F); bacoreta oriental (8)
Euthynnus affinis (Cantor, 1849)

Warm waters of the Indian and Pacific oceans; few records from the
eastern Pacific Ocean.

Little tunny LTA; thonine (F); bacoreta (3)
Euthynnus alletteratus (Rafinesque, 1810)

Warm waters of the Atlantic Ocean including the Mediterranean Sea;
sporadic occurrence in the Black Sea.

¥Black skipjack BKJ; thonine noire (F); barrilete negro (S)
Euthynnus lineatus Kishinouye, 1920

Warm waters of the eastern Pacific Ocean; stray specimens recorded
from the central Pacific Ocean.

%¥Skipjack tuna SKJ; listao (F); listado (8)
Katsuwonus pelamis (Linnaeus, 1758)

Cosmopolitan in warm waters; absent from the Black Sea.

*¥plbacore ALB; germon (=thon blanec) (F); atun blanco (8)
Thunnus alalunga {Bonnaterre, 1788)

Temperate, subtropical, and tropical waters of all oceans, including
the Mediterranean 3Sea, but absent in the tropical waters of the
eastern Pacific Ocean.

¥Yellowfin tuna YFT; thon albacore (F); rabil (8)
Thunnus albacares (Bonnaterre, 1788)

Tropical and subtropical swaters of the Indian, Pacific, and Atlantic
oceans,
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Blackfin tuna BLF; thon a nageoire noire (F); atun aleta negra (S)
Thunnus atlanticus (Lesson, 1830)

Western Atlantic Ocean, off Martha's Vineyard, Massachusetts,
U.S.A., southward through the Caribbean Sea to Brazil.

*Zouthern bluefin tuna SBF; thon rouge du sud (F); atun del sur (8)
Thunnus maccoyii (Castelnau, 1872)

Subtropical and temperate waters of the southern region of the
Indian, Pacific, and Atlantic oceans.

*Bigeye tuna BET; patudo (=thon obese) (F); patudo (8)
Thunnus obesus (Lowe, 1839)

Warm waters of the Indian, Pacific, and Atlantic oceans.

®Northern bluefin tuna BFT; thon rouge (F); atun (8)
Thunnus thynnus (Linnaeus, 1758)

Subtropical and temperate waters of the north Pacific; in the
western Pacific present also in the tropical waters extending from
Ryukyus to northern New Zealand, eastern Australia and eastern
Tasmania; rare in the southeastern Pacific Ocean off Chile; sporadic
in the eastern Indian Ocean; south and north Atlantic Ocean and the
Mediterranean and Black seas, recently rare in the latter.

¥longtail tuna LOT
Thunnus tonggol (Bleeker, 1851)

Indian and western Pacific oceans, from southern Japan, where it is
rare, south to Australia (north, east, and west coasts); throughout
most of the Indian Ocean, including the Red Sea, but absent from
most of the east African coast.

FAMILY ISTIOPHORIDAE
Subfamily Tetrapturinae, spearfishes

¥Sailfish SAI; voilier (F); pez vela (8)
Istiophorus platypterus (Shaw and Nodder, 1791)

Widely distributed throughout tropical and subtropical waters of the
world oceans; usually more abundant near land masses and some of the
larger islands,

White marlin WHM; marlin blanc (F); aguja blanca (3)
Tetrapturus albidus Poey, 1861

Tropical and temperate waters of the Atlantic and Mediterranean.

%¥Shortbill spearfish SSP
Tetrapturus angustirostris Tanaka, 1914

Warm waters of the Indian and Pacific oceans:; oceanic fish seldom
encountered in coastal waters; reported from south Atlantic off the
Cape of Good Hope.
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%¥Striped marlin MLS: marlin raye (F); marlin rayado (S)
Tetrapturus audax (Philippi, 1887)

Warm waters of the Indian and Pacific oceans; relatively rare in the
equatorial region of the central and western Panific.

Mediterranean spearfish MSP; marlin du Mediterranee (F); marlin del Medi-
terraneo (S)
Tetrapturus belone Rafinesque, 1810

Mediterranean Sea.

Roundscale spearfish RSP
Tetrapturus georgei Lowe, 1840

Atlantic Ocean off Portugal and Spain, Mediterranean Sea off Sicily.

Longbill spearfish SPF; makaire becune (F); aguja picuda (S)
Tetrapturus pfluegeri Robins and de Sylva, 1963.

Coastal and oceanic waters of the tropical and subtropical Atlantic.
Subfamily Makairinae, marlins

%¥Black marlin BLM; makaire noir (F); aguja negra (S)
Makaira indica (Cuvier in Cuvier and Valenciennes, 1831)

Tropical Indian and Pacific oceans; sporadic occurrence in the
Atlantic Ocean; much more abundant in coastal waters than in waters
of the open sea, where it is present only in small numbers.

¥Blue marlin BUM; makaire bleu (F); aguja azul (8)
Makaira nigricans Lacepede, 1802

Widely distributed throughout the Indian, Pacific, and Atlantic o=
ceans; especially abundant in the tropical regions; rare in the
Mediterranean Sea.

FAMILY XIPHIIDAE

*Swordfish SWO; espadon (F); pez espada (S)
Xiphias gladius Linnaeus, 1758

Widely distributed throughout the temperate, subtropical, and tropi-
cal waters of the world oceans and the adjacent seas; found in
coastal as well as in oceanic areas.
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1 IDENTITY

The scientific name for the albacore tuna is Thunnus alalunga.
2 DISTRIBUTION

2.1 Total area

Accounts of the distribution of albacore are commonly based upon the

results of commercial fishing, and thus the present knowledge of the
albacore's distribution may be a function of the range and strategy of commer-
cial fishing vessels (Otsu and Yoshida, 1966). However, oceanographic studies
have predicted areas of probable occurrence of albacore by defining their
habitat by water mass characteristics found in areas receiving little fishing
effort., Figure 1 depicts the distributions of both surface and deep-swimming
albacore in the Pacific Ocean. It is a composite of figures and data from de
Buen (1958), Brock (1959), Koto (1966), Otsu and Yoshida (1966), Sandoval T.
(1971), Kume (1974), Martinez F. (1974), and Skillman (1975). Figure 2 shows
the probable distribution of deep-swimming albacore (Qtsu and Yoshida, 1966),
although there 1is some disagreement about the distribution of the north and
south Pacific stocks intermingling at the equator (Suda, 1971: Kume, 1974).

The distribution of albacore across the north Pacific is centered around
350N latitude, and extends from the Revillagigedo Islands, Mexico, to the Gulf
of Alaska in the east, and from the equator to 450N in the west, depending
upon the season and ocean conditions (Yoshida and Otsu, 1963). In the south
Pacifie, albacore occur from the equator to 40°9S in the central and western
areas (Koto, 1966) and are concentrated between 10° and 3005 in the area
between 150°E and 120°W (Suda, 1971). Koto extends the reported distribution
eastward to 80°W, and Kume (1974) reports that longline catches have been made
near the coast of Chile, where de Buen (1958) reported a small surface
fishery, which failed due to the fish moving offshore beyond the range of the
fleet (Inostroza C., 1979). Albacore occur at the surface around Isla de Pas-
cua (2705-109°W). In the southwestern Pacific, Slack (1969 and 1972), Roberts
(1974), and Habib and Cade (1978) describe a surface fishery on both coasts of
New Zealand, and Serventy (1941), Roughley (1951), and Hynd and Robins (1967)
note sporadic surface catches of albacore around New South Wales and Tasmania.

2.2 Differential distribution

The information on this subject is discussed in Section 3.16.

2.3 Determinants of distribution changes

Water temperature has long been recognized as a determinant of the

21



distribution of albacore (Thompson, 1917). Clemens (1961), Radovich (1961},
and Clemens and Craig (1965) have stated that temperature is an important
determinant, and have demonstrated that in some years up to 90 percent of the
fish taken from Baja California to Alaska have come from waters between 15,69
and 19.40C, Saito (1973) determined from experimental longlining in Fijian
waters that larger, deep-swimming albacore are found in waters between 13.5°
and 25,20C, Laurs, Dotson, Dizon, and Jemison (1980) report that during
telemetry experiments, free-swimming albacore enter water as cold as 9.59C for
short periods and 109-120C for extended periods. Clemens (1961) notes a
size~-temperature relationship in the eastern north Pacific and Japanese
waters; the albacore migrated in a narrow temperature range, distributed by
size within the range. Smaller fish tend to inhabit cooler waters while
larger ones are found in relatively warmer waters.

Laurs and Lynn (1977) state that albacore concentrate along thermal
discontinuities called oceanic fronts, and cite several references relating
this to migration and/or catch, as do Van Campen (1960) and Laurs, Yuen, and
Johnson (1977). The Transition Zone in the north Pacific and the Kuroshio
Front east of Japan (Figure 3) are the two main examples of this phenomenon
producing 1large catches (Yamanaka, 1979). Sund, Blackburn, and Williams
(1980) review the literature pertaining to tunas (including albacore) and
their relationship to their environment. They note that albacore avoid cooler
upwelled waters (less than 159C), in preference to Transition Zone waters,
even though there may be more food available in the former., They also state
that the minimum oxygen requirement of albacore is probably similar to that of
yellowfin, about 2 ml/1l, and that this is also a determinant of distribution,
especially in the eastern tropical Pacific.

Nakamura (1969) states that water masses and their boundaries are de-
lineators of albacore distribution and that albacore tend to migrate within
these boundaries rather than across them.

3 BIONOMICS AND LIFE HISTORY

3.1 Reproduction

3.11 Sexuality
Albacore are heterosexual, with no external characters to distinguish
males from females (Yoshida and Otsu, 1963).
3.12 Maturity
Female albacore attain maturity and spawn at about 90 em in length
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(Ueyanagi, 1955; Otsu and Uchida, 1959). Several observers have noted mature
females at slightly smaller sizes (86-98 cm) in studies done in the western
(Ueyanagi, 1957), central equatorial (Otsu and Uchida, 1959), and central
south Pacific (Otsu and Hansen, 1962), Male albacore may mature at larger
sizes than females. Ueyanagi (1957) postulated that males reached maturity at
97 cm, on the premise that fish with testes containing milt and weighing over
150 grams per pair were ripe. Under the same criteria Otsu and Hansen (1962)
found males to be ripe at 90 cm, but both studies are inconclusive due to the
lack of an objective means of determining maturity. Albacore are generally
believed to reach maturity at 5 years of age or older (Suda, 1958; Otsu and
Uchida, 1962).
3.13 and 3.14 Mating and fertilization
According to Yoshida and Otsu (1963), no records of observations of
spawning fish are available, but albacore probably occur in aggregations of
male and female fish and release their gametes indiscriminately without
selecting partners, the fertilization therefore being external.
3.15 Gonads
Based upon the assumption that all eggs of the most advanced group in an
ovary are released in a single spawning, fecundity estimates have ranged from
0.8 to 2.6 million eggs (Ueyanagi, 1955 and 1957; Otsu and Uchida, 1959).
Larger albacore tend to produce slightly more eggs per spawning (Otsu and
Uchida, 1959).
3.16 Spawning
The spawning seasons for albacore from different areas of the Pacifie
Ocean are shown in Table 1, and the spawning areas are shown in Figure 4.
Albacore spawn during the summer in oceanic subtropical waters centered around
209N and 2098 latitude, their distribution expanding with the warm seasons and
contracting with the cool (Ueyanagi, 1969). According to Otsu and Hansen
(1962) and Ueyanagi, Mori, and Nishikawa (1969b), spawning does not take place
in equatorial or temperate waters, but Yoshida (1971) notes juveniles under
200 mm 1in length between 00 and 100S. Yoshida (1968) estimated the duration
of the spawning season from the time of occurrence of juvenile albacore in
billfish stomachs collected in the central Pacific. The vertebral columns of
the juveniles were measured, and expected lengths were calculated for ages up
to 1 year. From this, the birthdates of the individuals were back-calculated,
the distribution of these birthdates defining the spawning season. Evidence
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of multiple spawnings have been described by Otsu and Uchida (1959), who found
two or more modes in the size frequency of egg diameters found in ovaries,
which may represent eggs to be spawned in single or successive seasons. Also,
egg remnants and eggs approaching ripeness in the same ovaries suggest multi-
ple spawnings. Remnants were absent in large, sexually inactive fish taken
during late winter in the north Pacific, suggesting that remnants are not car-
ried over year-to-year. However, since nothing is known regarding the rates
of reabsorption of unspawned eggs, no certain conclusions may be offered.

No attempt at artificial fertilization of albacore has been reported, but
Sanzo (1933) reported hatching fertilized ova from the Strait of Messina in
the Mediterranean Sea and rearing them for 7 days in the laboratory. However,
according to Matsumoto (1962), there is some question as to the species iden-
tification. In view of the successful fertilization and hatching of bigeye
eggs by Kikawa (1953) and Kume (1962), such experiments could be successful
for albacore if running-ripe fish could be captured.

3.17 Spawn

Eggs of albacore taken from the ovaries of maturing fish are described by
Ueyanagi (1955) and Otsu and Uchida (1959). Only one record of running ripe
fish was found, that of several fish taken off Magdalena Bay, Baja California,
in March 1912 and March 1914 by M. Kondo and S. F. Takasaki of the Imperial
Fisheries Institute in Tokyo (Scofield, 1914). The roe was the same size as
cod roe, and light reddish-brown in color. Clemens (1961) reported observa-
tions of recently spawned individuals 93-100 cm in length among albacore
caught in August near Guadelupe Island, Baja California., He considered it
likely that these fish had spawned prior to their migration to inshore waters.,

3.2 Pre-adult phase

3.21 Embryonic phase

Matsumoto (1958) estimated that the incubation period of fertilized tuna
ova was no more than 4 days (Ueyanagi, 1969b). Sanzo (1933) described the
development of the fertile eggs into larvae, which occurred in only 2 days,
but Matsumoto (1962) warned that these may have been incorrectly identified,
as other scombrids spawn in Sanzo's collection area at the same time as do
albacore.

3.22 Larval phase
Descriptions of albacore larvae appear in Matsumoto (1962), Yabe and

Ueyanagi (1962), Matsumoto, Ahlstrom, Jones, Klawe, Richards, and Ueyanagi
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(1972), and Richards and Pothoff (1974). Albacore 1larvae are easily dis-
tinguished from other tuna larvae, except yellowfin. The placement of melano-
phores is the principal distinguishing characteristic between those larvae
less than 10 mm standard length. Those over 10 mm are identified from a com-
bination of melanophore characteristics and distribution of the adults, which

can lead to errors. Final identification is rendered by the study of their

osteology, which is more reliable,
3.23 Adolescent phase
Juvenile albacore (12-300 mm) have been found around the Marianas, Fiji,
Hawaiian, and Ellice islands and east of Australia (Yabe, Ueyanagi, Kikawa,
and Watanabe, 1958; Yoshida, 1965 and 1971a). Clemens (1961) reported a sin-
gle 381-mm albacore caught near Guadalupe Island in December 1957, and Otsu
and Uchida (1963) stated that small albacore were caught in the eastern
Pacific Ocean in the summer of 1954, Small (25-43 cm) albacore were taken
northeast of Japan in 1953 (Asano, 1964), and Nakamura (1969) stated that
"young albacore of around 28 cm and 35 om fork length occur in considerable
abundance in Japanese coastal waters in spring and summer, although the
occurrence fluctuates greatly from year to year." Roberts and James (1974)
reported that 34~ to 43-cm albacore were caught around New Zealand in 1970,
1972, and 1973.
3.3 Adult phase
3.31 Longevity
Uchida and Otsu (1961) found 10 age groups of fish in the Japanese north
Pacific winter longline catch, and believed the eldest to be 10 years old.
Albacore caught near Hawaii are larger than those taken by the Japanese winter
longline fishery (Otsu and Sumida, 1970), but no age analysis of the Hawaiian
fish was attempted because the size difference between the sexes hampered
modal analysis.
3.32 Hardiness
Clemens (1961) and Yoshida and Otsu (1963), based on experience in han-
dling albacore during tagging operations, concluded that they are quite hardy.
Generally, most taggers agree that albacore are hardier than any of the other
tunas which they have tagged. Indeed, albacore survive tagging after capture
by trollers, which subjects the fish to considerable stress. Laurs (1979) has
held restrained, anesthetized albacore in life-support system for up to 30
hours, and subsequently revived them.
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3.33 Competitors
Iversen (1962) reported that "a comparison of the stomach contents of
equatorial albacore, yellowfin and bigeye tunas indicates there may be some
competition for food between the albacore and the other two species of tuna."
Legand and Wauthy (1961) noted possible competition between albacore and lan-
cet fish (Alepisaurus) in waters around New Caledonia.
3.34 Predators
Albacore are preyed upon by man, large pelagic fish such as billfish and
sharks, and mammals. Jones (1971) lists albacore as one of the vietims of

Isistius brasiliensis, a small shark which bites chunks of flesh from the

sides of fish, leaving crater-shaped wounds.
3.35 Parasites, diseases, injuries, and abnormalities

Lists of the parasites of albacore are given by Yoshida and Otsu (1963),
Silas and Ummercutty (1967), Kabata (1970), Roberts (1974), Love and Moser
(1977), Cressey and Cressey (1980), and others.

3.4 Nutrition and growth

3.41 and 3.42 Feeding and food

De Buen (1958), Clemens (1961), Clemens and Iselin (1962), Iversen
(1962), 1Iverson (1971), and Laurs and Nishimoto (1973) discuss the food and
feeding of albacore in different areas of the eastern Pacific., Since albacore
are caught on both surface gear and longlines it is suspected that they feed
in at least the upper 380 m of the occean. In the temperate north Pacific,
troll-caught albacore feed throughout the day (Pearcy, Panshin, and Keene,
1975). Iversen (1962) stated that albacore feed during both day and night,
but that the stomach volumes of fish caught at night are reduced, probably due
to less successful foraging since albacore are most likely sight feeders {(Mur-
phy, 1969). The species composition of the forage changes with area, Laurs
and Nishimoto (1973) found a direct relationship between the amount of food in
the stomachs and the biomass of micronektonic animals caught in Isaacs-Kidd
midwater trawls deployed in the same area in which the fish are caught. Based
on the variety of species of food elements found in their stomachs, albacore
can be considered to be opportunistic feeders (Clemens, 1961). Iversen (1962)
found differences in average volume and composition of stomach contents of
fish caught by different methods (Figure 5) and by size of fish. He also con-
cluded that areas of relatively high abundance of albacore did not necessarily
correspond with areas of high abundance of their forage.
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3.43 Growth rate

The age and growth of Pacific albacore have been estimated by the
analysis of hard parts (vertebrae and scales), size composition of the catch,
and tagging experiments. Shomura (1966) summarized this work and used it to
estimate the parameters of the von Bertalanffy growth equation (Table 2).

Utilizing tagging data, Laurs and Wetherall ({979) have demonstrated a
significantly higher growth rate (K value in the von Berfalanffy growth equa-~
tion, with Lq} held constant) for those fish taken below 38°N when compared to
those taken above 38°N in the North American fishery and/or the Japanese
livebait fishery.

A summary of age-length relationship values 1is presented in Table 3.
Some discrepancies exist in deciding which mode corresponds to 1-year old
fish, both among methods and among investigators using the same method.
Recent advances have been made in estimating age based on the daily increments
on tuna otoliths, so a solution to the problem may be near (Laurs and Nishi-
moto, 1979; Wild and Foreman (1980)., Yoshida (1969), working with material
found in billfish stomachs, estimated that juveniles grow at a rate of about
3.12 cm per month,

3.44 Environmental physiology

The tunas, including albacore, are without doubt the most highly special-
ized fishes 1in regard to high levels of sustained locomotory activity. The
physioclogy of the tunas and its importance to their activities is discussed by
Sharp and Dizon {(1978) and Dizon and Brill (1979),.

Albacore are negatively buoyant ram-ventilators that must swim to stay
suspended in the water column. They possess several systematic anatomical
adaptations that augment their increased locomotory capacity (Collette, 1978),
the most striking of which is a countercurrent multiplier system (heat
exchanger) which allows them to regulate their body temperatures, which may be
as much as 15.39C above ambient (Sharp and Vliymen, 1978). Also the blood
pressure and blood volume of albacore are higher than those of most other
fishes.

Sharp and Dotson (1977) and Dotson (1978) discuss energy requirements and
fat wutilization, and state that albacore probably feed during migration, and
may grow during this period due to the high caloric content of the forage con-

sumed.
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3.5 Behavior
3.51 Migrations and local movements

The migration of albacore in the north Pacific has been described by Cle-
mens (1961), Flittner (1963), Otsu and Uchida (1963), Otsu and Yoshida (1966),
Rothschild and Yong (1970), Laurs and Lynn (1977), and Laurs (1979b). The
migration pattern described by Clemens consists of the recruitment of albacore
into the North American fishery off the coast of California, movement north-
ward along the Pacific c¢oast of North America, and then movement westward
along the subtropical convergence until the fish reach the Japanese fisheries.
Otsu and Uchida's model (Figure 6) is similar to that of Clemens, but is more
detailed in movement patterns of size classes of fish, It postulates a pat-
tern of movement from the North American fishery into the Japanese longline
fishery and then the Japanese livebait fishery. Rothschild and Yong (1970)
believe that the fish enter the Japanese livebait fishery first, but may pass
through the area of the longline fishery in the process, relatively invulner-
able to the gear.

Tagging experiments by Kikawa, Shichama, Morita, and Kume (1977) have
shown that some of the fish moving from the Kuroshio Front area would enter
the North American fishery the same year, but most would enter the 1longline
grounds together with the fish moving westward from the North American coast.
They also state that it seems unlikely that the fisheries of the western north
Pacific are being supported solely by recruitment from the eastern Pacific as
indicated by Otsu and Uchida's model. The results of tagging experiments by
Laurs (1979) suggest at least two substocks of fish comprising the north
Pacific population, each with a different migratory pattern. The northern
substock makes trans-Pacific migrations between the eastern and western north
Pacific north at about 409N, resulting in an interchange of fish between the
North American fishery, the Japanese 1livebait fishery, and the longline
fishery west of 1800, The southern substock enters the North American fishery
south of 409N and the longline fishery east of 180°, and only a very small
proportion of this group migrates between the eastern and western Pacific to
enter the Japanese livebait fishery. Albacore tagged to the west of the tra-
ditional North American fishery during their seasonal migration into the
fishery migrate either to the north or south, depending on whether their point
of release was north or south of 35°N, which suggests that these substocks are

separate upon entering the nearshore area. During a given season there is
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little exchange of fish between the northern and southern substocks in the
North American fishery. Sund, Blackburn, and Williams (1980) review research
done on the migrations and movements of albacore.

Yoshida (1971) has postulated that in the south Pacific juvenile albacore
(<300 mm) migrate southward as they grow. Sund, Blackburn, and Williams
(1980) note that the construction of a migration model for south Pacific
albacore 1is impossible at this time, due to lack of information on their
habits.

3.52 Schooling

Clemens (1961) discusses schooling behavior of albacore near the west
coast of North America. Albacore of the same size travel together in Yschool
groups up to 30 km wide, composed of small aggregations of fish." At the
beginning of the season these groups are small and widely separated and com-
posed of small, scattered, and fast-moving schools. Later, at the peak of the
season, the groups are more compact and are composed of greater numbers of
schools, Schools of larger fish are usually more compact than schools of
smaller fish. Albacore are not found in large dense schools comparable to
those of yellowfin and skipjack. Albacore are sometimes caught mixed with
skipjack in New Zealand waters, and with skipjack, yellowfin, and bluefin in
the surface fishery of the northeastern Pacific off Baja California in Sep-
tember and October. They sometimes associate with masses of floating kelp

(Macrocystis pyrifera) in the southern area of that fishery.

3.53 Responses to stimuli
Albacore respond to oceancographic features, including temperature, water
color, and upwelling areas (Laurs, Yuen, and Johnson, 1977). They are also
sensitive to ship noise in trolling vessels (York, 1972; Anonymous, 1977¢c).
4 POPULATION
4.1 Structure
4,11 Sex ratio
Immature albacore (<90 cm) generally have a sex ratio of 1:1, but males
predominate in the catches of mature fish (Otsu and Uchida, 1959; Otsu and
Sumida, 1968). Males have accounted for as much as 86 percent of the albacore
in longline catches. Several investigators have found ratios of 1:1 or more
females than males in longline-caught fish, but in these cases the fish were
mostly 1less than 90 ¢m or the sample sizes were small., The sex ratio of the
catch may vary from year to year (Otsu and Sumida, 1968). A summary of stud-
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ies done in different areas of the Pacific appears in Table i,
4,12 and 4,13 Size and age composition

The size composition of the fish in the catches from the various albacore
fisheries differs with the gear employed and area of recapture (Kurogane and
Hiyama, 1957a; Kume, 1974), year-class strength, and sex ratio (Otsu and
Sumida, 1968). Longlines generally take larger fish than livebait or trolling
gear, A particularly abundant year class or a change in sex ratio may affect
the size composition of the catch, Otsu and Sumida (1968) report that mature
male albacore {larger than 79 cm) greatly outnumber females of the same size
in the Samoa longline catch (Figure 7). Any shift in sex ratio could thereby
cause a shift in size composition. The mean fish size for a fishery may vary
with seasons, due to a concentration of fishing effort at certain times of the
year in areas containing larger or smaller fish. Suda (1954) and Otsu and
Sumida (1968) found that the average size of longline-caught albacore
increases from west to east in the north and south Pacific, a phenomenon prob-
ably caused by environmental changes. Honma and Kamimura (1957) and Otsu and
Sumida (1968) found that the mean length of albacore taken within 5-degree
latitudinal bands tends to increase from north to south in the south Pacifiec,
with size reaching a maximum in the 2009-2503 band, and diminishes thereafter,
A summary of the age and size composition of the various albacore fisheries of
the Pacific is shown in Figure 8.

The variations in the size composition among years can be illustrated by
comparison of the mean fork lengths of the fish in the catches of the various
fisheries. This was done for the north Pacific fisheries of 1951-1973 by
Wetherall and Yong (1975) and by Otsu and Sumida (1968) for the Samoan long-
line landings for 1962 through 1965. Shiohama (1973) notes that in the
northwestern Padific livebait ground the smaller-sized fish tend to dominate
in the northern portion while larger ones dominate the southern portion, which
is reflected in the shift in size of the catch as the fishery shifts northward
during the season,

Wetherall and Yong (1975) note no apparent change in the size composition
of the fish caught in the Japanese livebait fishery until the 1970 expansion
of the fishery offshore into the Kuroshio Front area, when a declining trend,
caused by the exploitation of 2- and 3-year-old (64- and 75-cm) fish, became
evident. The mean fish weight for the north Pacific 1longline fishery has
increased since 1966, however.

30



The size composition of the fish caught in the North American fishery has
shown 1little fluctuation, but there is a distinct difference in size composi-
tion above and below 389N, The southern area has two modes, each of which is
about 4 om larger than the corresponding mode of the northern area, as de-
picted in Figure 9.

The age composition of the catch from the north and south Pacifie has
also been included in Figure 8, which is derived from data in Bartoo (1979)
for the north Pacific fisheries (except Hawaii longline, which is from Uchida
and Otsu (1961)), Otsu and Sumida (1968) for the south Pacific longline
fishery, and Habib and Cade (1978) for the New Zealand surface fishery. Ages
from Clemens (1961), plus one year, and Otsu (1960) are superimposed by the
compiler of this report. Table 5 shows the composition of the catches by age
of the fish caught by the various fisheries of the north and south Pacific,
and Figure 10 shows that the north Pacific fisheries utilize younger fish than
do those of the south Pacific. The age structure of the north Pacific
albacore catches for 1952, 1957, and 1962, using Otsu's (1961) ages, is given
in Wetherall and Yong (1975); for 1955-1976, using Clemens' (1961) ages, in
Wetherall and Yong (1975); and for 1955-1976, using Clemens' (1961) ages plus
one year, in Bartoo and Weber (1979).

A summary of length-weight relationship data for albacore appears as
Table 6.

4.2 Abundance and density

4,21 and 4.22 Average abundance and changes in abundance

A rough estimate of the relative apparent abundance of albacore may be
ascertained by examining catch-per-unit-of-effort (CPUE) statistics. Data for
the north Pacific longline fishery have been examined by Rothschild and Yong
(1970), who estimated the changes in apparent abundance for 1949 through 1961.
Laurs, Clemens, and Hreha (1976) analyzed CPUE data for the United States
troll fishery for 1961 through 1970 and found marked annual variation between
the northern and southern areas of the fishery. Bartoo and Weber (1979) dis-
cuss the trends in the total north Pacific CPUE by age groups for 1961 through
1976. They found no apparent trend until 1971, when the catches and variabil-
ity increased with the offshore expansion of the Japanese livebait fishery,
resulting in an increased CPUE of younger fish (ages 2, 3, and 4) with lower
catch rates for ages 5 and 6., This in turn resulted in a generally decreased
CPUE for the North American surface and Japanese 1longline fisheries, CPUE
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data for the north Pacific fisheries appear in Table 7, and the trends in CPUE
in Figure 11, Yoshida (1971a and 1975), Skillman (1975 and 1978), and Weth-
erall, Riggs, and Yong (1979) calculated indexes of relative abundance for the
south Pacific and American Samoa longline fisheries in kilograms per hundred
hooks, metric tons per trip, metric tons per day fished, numbers caught per
hundred hooks, and metric tons per thousand hooks (Tables 8, 9, and 10).
There 1is general agreement that a downward trend in CPUE has been evident in
recent years, as indicated by Figures 12 and 13.
4,23 and 4.24 Average density and changes in density

The distribution of CPUE over an area can indicate the relative density
of albacore in locations receiving fishing effort., Figure 14 shows the dis-
tribution of the average catch per hook by Japanese longliners, averaged over
1952-1976, indicating the areas of relatively high density of large fish.
Areas of high density of smaller fish are dependent upon oceanographic condi-
tions 1in the surface layers, and can be identified by concentrations of sur-
face fishing effort, e.g. historic surface fisheries (Figure 15). Otsu and
Yoshida (1966) and Suzuki, Warashina, and Kishida (1977) show the distribution
of catches of deep-caught albacore (Figure 2), indicative of relatively dense
areas of deep swimming albacore at lower latitudes. Generally, the centers of
density of all albacore occur between 25° and 409N and 10° and 300958 (Kume,
1974).

4,3 Natality and recruitment

Suda (1959) discusses the possibility of "a situation where the physical
and chemical environment at the time of spawning and immediately following the
hatching of the eggs becomes an important factor affecting the success of
hatching."

Recruitment is believed to take place in the northeastern Pacific surface
fishery and in the higher latitudes of the south Pacific at 2 years of age.
Bartoo and Weber (1979), making certain assumptions about mortality and age
structure, estimated the recruitment for the age-2 fish of the north Pacific
stock by cohort analysis for 1955-1974, and found it can vary by as much as a
factor of four (Figure 16). The estimates for the birth years 1953-1972
varied from 3.3 to 14.5 million age-2 fish.

4.4 Mortality and morbidity

Suda (1963a and 1966a) and Murphy and Sakagawa (1977) estimated the mor-
tality coefficients for albacore. The annual natural (M) and total (2Z)
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mortality coefficients were estimated to be 0.20 and 0.40, respectively.
These approximate Tauchi's (1940b) estimate of 0,66 for the annual survival
rate, equivalent to an instantaneous total mortality rate of 0,H155,

The age-specific mortality of albacore was estimated from data on fish
caught by Japanese 1longline vessels by Suda (1966a and 1970), He assigns
instantaneous natural mortality rates of 0.20 to 6-year-old fish and 0.40,
0.60, and 0.80 to fish at the end of the sixth, seventh, and eighth years,
respectively. Wetherall and Yong (1975), who reanalyzed the data, concluded
that Suda's last three estimates were too high, and proposed values of 0.3,
0.4, and 0.5 for fish at the end of their sixth, seventh, and eighth years
respectively.

Morbidity probably has relatively little effect upon total mortality, due
to the high amount of fishing mortality.

4.5 Dynamics of the population

Albacore in the Pacific are believed to be divided into two populations,
one in the north Pacific and one in the south Pacific, According to Sund,
Blackburn, and Williams (1980), available data indicate that albacore do not
migrate across the equator in any season, that the areas occupied in the two
hemispheres are roughly symmetrical (Nakamura, 1969), and that there are
separate spawning grounds and times in the two hemispheres.

Using the logistic form of the general production model of Pella and Tom-
linson (1969), Shiohama (in Wetherall, 1979) estimated the maximum sustainable
yield (MSY) from the north Pacific to be 100,000 to 120,000 metric tons of
albacore. Wetherall and Yong (1975) judged that the yield per recruit of
north Pacific albacore would be greater if the level of fishing mortality were
increased relative to that during 1959-1975, and Bartoo and Weber (1979} state
that the decline in yield per recruit in recent years suggests that the
current harvest strategy does not permit maximum utilization of the resource.
Some concern for the north Pacific albacore is warranted due to the expansion
of the Japanese livebait fishery offshore into the Kuroshio Front area and the
subsequent harvesting of younger fish (4 years old or 1less). The fishery,
including that of the expanded area, produced 124,000 metric tons in 1976, as
compared to 67,000 metric tons prior to expansion in 1970,

Skillman (1975) and Wetherall, Riggs, and Yong (1979) employed the gen-
eral production model to estimate the MSY of albacore for the south Pacific
and obtained estimates of 33,000 to 35,000 and 33,000 to 36,000 metric tons,
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respectively. These estimates are tentative however, as revised estimates of
the cateh for some years may alter them slightly (Bartoo, 1979).

Skillman (1978) observes that the CPUE corresponding to the MSY in the
south Pacific 1is about 0.79 metric tons per day fished, and that the effort
corresponding to this level was surpassed by the fishery in 1970. The rela-
tive abundance has since declined steeply, indicating that the albacore stock
has been overfished, and he noted that the decline in the index of relative
abundance in the southern winter fishery for small albacore may indicate that
the adult stock has been reduced to levels sufficiently low as to reduce the
recruitment.

4,6 The population in the community and the ecosystem

Albacore, like the other tunas, are apex predators in the pelagic
environment of warm seas. Their feeding and schooling habits have been dis-
cussed in earlier sections, No specifiec, quantitative information on this
subject was encountered.

5 EXPLOITATION
5.1 Fishing equipment
5.11 Gears

Takayama (1963), Yoshida and Otsu (1963), and Yoshida (1966b) describe
the gears employed to catch albacore and other tunas in the various Pacific
Ocean fisheries, including longline, livebait, trolling, and purse seine.
Minor modifications to these methods have been made over the years, and the
significant ones are mentioned below. More detailed information concerning
gear is found in June (1950), Shapiro (1950), Shimada (1951b), Otsu (1954),
Mann (1955), Kanasashi (1960), Saito (1973), and Suzuki, Warashina, and
Kishida (1977) for longline, Clemens (1955), Scofield (1956), de Buen (1958),
Watkinson and Smith (1972), Roberts (1974), and Dotson (1979) for trolling,
Godsil (1938), Cleaver and Shimada (1950), Muramatsu (1960), and Dotson (1979)
for livebait fishing, and Clemens {(1961) and Shaver (1962) for purse seining.

Hydraulic gurdy systems for hauling in hooked fish have been developed in
recent years for the troll fishery (Dotson, 1979), and "automatic fishermen,"
which are lever systems which pull livebait-caught fish aboard without assis-
tance from human fishermen, have been fabricated in Japan and the United
States (Laurs 1979)., Saito (1973) and Suzuki, Warashina, and Kishida (1977)
describe ‘“deep" longline gear, which fishes at greater depths than does stan-

dard gear.
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5.12 Boats

The North American surface fishery has seen changes in vessel charac-
teristics and fishing power since it was first described by Godsil (1938),
Clemens {1955), and Scofield (1956)., Trollers are larger now (up to 22 m) and
are constructed of steel, fiberglass, or aluminum. Major changes in the fish-
ing power of the vessels include increased refrigeration capacity and better
communication systems, navigational aids, fish locating equipment, and hull
design.

The New Zealand surface vessels are modified from vessels built for
other fisheries, but have basically the same gear as the northeastern Pacific
trollers.

Japanese livebait boats are described by Cleaver and Shimada (1950),
Muramatsu (1960), Yoshida (1966b), and Webb (1972). These boats have also
increased in size and bait holding capacities, which greatly increases the
time they are able to spend at sea, and their range.

Longline vessels are described by June (1950) and Kanasashi (1960). They
tend to be larger now, however, the average vessel being 300-500 gross tonnage
and of steel construction.

A pictorial description of the different gears 1is found in Tomiyama
(1975).

5.2 Fishing areas

5.21 and 5.22 General geographic distribution and ranges

The principal areas of albacore fishing in the Pacific Ocean are shown in
Figure 15. Clemens (1961) states that albacore have been recorded from
Clarion Island, Mexico, to the Gulf of Alaska, with the most productive fish-
ing grounds being between central Baja California and the mouth of the Colum-
bia River., The fishery has since expanded north to the Queen Charlotte
Islands. The fishery has recently expanded westward along 359N to 140°W dur-
ing the early season. Van Campen (1960) describes the Japanese 1livebait
fishery area as an arc averaging 200-300 miles in width extending from 309N
and 1409E to 320-330N and 1609-1659E., This fishery has expanded eastward
along 409N to approximately 170°W during the 1970's. The north Pacific
Japanese longline fishery now takes place almost completely across the
Pacifiec, having expanded eastward in recent years from the traditional area,
which stopped at 1709W and was contained between about 209 and U59N, The
Hawaiian longline fishery, which takes incidental catches of albacore, is
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pursued within 20 miles of the islands (Otsu, 1954; Yoshida and Otsu, 1963).

The albacore longline fishing grounds in the south Pacific run from near
the equator to 4095 and from 160°E to 80°W, although most of the effort is
expended between 10° to 30°S and 160°E to 110°W (Wetherall, Riggs, and Yong,
1979). Roughley (1951) described the Australian surface fishery as occurring
on the southeast coast from Port Macquarie to Westernport, on the east and
south coast of Tasmania, and the south coast of Western Australia. Only
incidental catches are made there now. The New Zealand fishery occurs along
the west coasts of both islands and the east coast of North Island north of
the Mahia Peninsula. Most of the catches are taken within 32 km of the land
(Watkinson and Smith, 1972).

5.23 Depth ranges

Albacore have been caught at the surface by trolling or baitfishing off
North America, east of Japan, and near Chile, Australia, and New Zealand
(Yoshida and Otsu, 1963). Longline gear accounts for the fish taken at depths
up to 140 m in the northwestern Pacific, near Hawaii, and in the south central
Pacific. Murphy and Shomura (1953) report that albacore are generally caught
on the deeper hooks of the longlines in the equatorial Pacific, but in the
central north Pacific Shomura and Otsu (1956) report equal numbers from all
depths fished. This 1is probably due to the differences in vertical thermal
structure between the equatorial and northern areas. A modification called a
"deep longline," used in areas where albacore are found at greater depths (up
to 380 m), is described by Saito (1973) and Suzuki, Warashina, and Kishida
(1977).

5.24 Conditions of the grounds

Water temperature is a major determinant of the fishing area in all the
fisheries. In the northeastern Pacific, Clemens (1961) found a catch-
temperature relationship, with the majority of the California catch coming
from waters between 15.6° and 19.49C., Roberts (1974) encountered albacore in
New Zealand only in areas with sea-surface temperatures between 18.5° and
21.3°C. Laurs, Yuen, and Johnson (1977) found that albacore respond to tem-
perature fronts and upwelling, and that the catch rates were highest within
the boundaries of temperature and salinity known as the Transition Zone. The
development of a certain pattern of surface temperatures off Japan caused by
the progression of the Kuroshio Current northward in the spring results in
isolated water masses with temperatures conducive to good fishing (Van Campen,
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1960; Yoshida and Otsu, 1963).

5.3 Fishing seasons

Table 11 is a synopsis of information concerning the fishing seasons of
the various Pacific fisheries,

5.4. Fishing operations and results

5.41 Effort and intensity

Although different authors have different definitions of the units, the
fishing effort expended upon albacore is usually measured in days fishing or
number of hook days, henceforth referred to as number of hooks. Standardiza-
tion of effort among gears and among vessels of different fishing power is
accomplished in various ways. Craig (1963) describes a standard format for
United States west coast surface fishery logbooks, and Abramson (1963) and
Laurs, Clemens, and Hreha (1976) provide a method for assessing the relative
fishing powers of the vessels. The total fishing effort can vary due to such
factors as changes in availability and abundance of the fish, number of
vessels, and fishing power of the individual vessels,

An example of effort increasing with fleet expansion is shown 1in Figure
17, which illustrates the expansion of the longline fleet in American Samoa.
The total effective effort for the north Pacific is estimated by Bartoo and
Weber (1979) in Table 12 and for the south Pacific by Skillman (1975) and
Wetherall, Riggs, and Yong (1979) in Tables 8 and 10,

The historic fishing areas of the Pacific defined in Figure 15 generally
receive most of the total effort. Wetherall, Riggs, and Yong (1979) have
estimated nominal effort by longliners of the Republic of Korea and the Repub-
lic of China by latitudinal band (Table 13).

5.42 Selectivity

Gear selectivity by size is shown in Figure 7, which indicates the sizes
of fish taken by various gear types. In general, surface gear takes smaller
fish and longline gear takes larger fish,

5.43 Catches

Tables 14 and 15 list the catches from the north and south Pacific by
gear, Table 16 gives the weight of albacore caught by Japanese purse seiners,
which is not included in the totals in Table 14,

6 PROTECTION AND MANAGEMENT
There are no management bodies regulating albacore effort, Suda (1973b)

examines possible strategy for management of the albacore stocks, as well as
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those of other species, by regulation of longline effort, and Yoshida and Otsu
(1963) give a short historical review of California regulations concerning
albacore.
7 CULTURE

Inoue (1973) states that albacore have not been successfully raised nor

held in captivity.
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TABLE 1. Spawning seasons of albacore in different areas of the Pacific Ocean.

Time of
Area year Peak Reference
Western north Pacific, northern June~-July Ueyanagi (1957)
20°-25°N summe
Hawaiian Islands northern June-July Otsu and Uchida
summer (1939)
Hawaiian Islands March- March~-May Yoshida (1968)
September
Central south southern December- Otsu and Hansen
Pacific, 10°-20°s summer January (1962)
Coral Sea southern January Ishii and Inoue
summer (1956)
New Caledonia southern December— Yoshida (1968)
summer January
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TABLE 2. Estimates of the parameters of the von Bertalanffy growth equation for albacore.
Size
Fishery Method Lo K to range Investigators Comments
(cby (annual) (vears) (cp)
Western north vertebrae 104.8 0.431 1.504 69-90 Uno (1936) parameters calculated
Pacific by Shomura (1966)
North Pacific scales 114.4  0.308 0.818 65~120 Nose, Kawatsu, parameters calculated
and Hiyama by Shomura (1966) from
(1957) 1952-1953 samples
" v 145.3 0.159 ~0.056 50~120 " " parameters calculated
by Shomura (1966) from
1953~1954 samples
Eastern north " 108.8 0.2247 -2.2728 51-94 Bell (1962) ‘author's values
Pacific
Western north " 145.3 0.150 -0.396 40-95 Yabuta and parameters calculated
Pacific Yukinawa (1963) by Shomura (1966)
North Pacific tagging 118.8 0.250 1.999 60-91 Otsu (1960) parameters calculated
longline, livebait, by Shomura (1966)
and troll
" " 135.6 0.17 ~1.87 54~77 Clemens (1961) author's values
Atlantic longline  length 140.0 0.141 ~1.83 68-114 Beardsley (1971) author's values

frequencies




TABLE 3. Length at age, in centimeters, of albacore (from Yoshida and Otsu
(1963) and Beardsley (1971)).

;
i
i
3
H
k]

Length frequencies Scales Tagging
Age Suda Beardsley Nose, Bell Otsu Clemens
(1954) (1971 Hiyama, (1962) (1960) (1961)
! and Kawatsu
(1957 i
1 57 44 38 57.3 - 52
2 67 55 49 65.7 - 65
3 78 64 59 77.4 26.3 76
4 89 75 68 83.7 46.8 85
5 100 87 78 87.8 62.7 93
6 111 95 86 - 75.1 100 ;
7 - 100 96 - 84.8 105
8 - 104 105 - 92.3 - ;
9 - 108 - - 98.2 -
10 - 112 - - 102.7 -
TABLE 4. Sex ratios of albacore from various areas of the Pacific.
Area Ratio Size Sample
male:female range size Reference
North Equatorial 2.64:1 >90 cm 408 Suda (1956)
! Current
North Pacific 1:1 50~112 em 126 Otsu and Uchida (1959)
Southeastern Pacific 1.28:1 70-90 cm 373 Martinez F. (1974)
Central equatorial 0.76:1 83-104 cm 58 Murphy and Shomura
! Pacific (1953 and 1955)
] " 0.63:1  89-106 cm 18 "
New Caledonia 2.66:1 80-109 cm 143 Legand (1961)
South Pacific 1.63:1 >90 ¢cm not given Otsu and Sumida (1968)
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TABLE 5. Age composition of the albacore catches in the Pacific Ocean, by fishery.

Age (years)
5

Fishery T 3 3 4 6 7 8 9

10 Reference

North American X X X X

surface
Japanese ¥ X X X X X X X
longline
Japanese X X X X X X

surface

South Pacific X X X X X X

longline (landed in
American Samoa)

New Zealand X X X X X
surface

Bartoo and Weber (1979)

X Bartoo and Weber (1979)

Bartoo and Weber (1979)

Otsu and Sumida (1968)

Habib and Cade (1972)

TABLE 6. Length-weight relationships of albacore.
centimeters and the weights in kilograms.

The lengths are expressed in

Area Length range a b Reference
Eastern Pacific 50.0~85.0 1.225 x 1072 3.13 Partlo (1955)
" 38.0-100.0 2-188 x 10_5 2.99 Clemens (1961)
" 45.0-99.0 3.526 x 107>  2.9127  Dotson (1977)
Hawaii and north  49.6-127.6 2.5955 x 1072  2.9495 Nakamura and
Pacific Uchlyama (1966)
South Pacific 78.0~-108.0 8.8406 x 107 2.6822 Nakamura and
(American Samoa Uchiyama (1966)
landings)
North Atlantic 44,0-112.0 6.303 x 10"6 3.2825 Beardsley (1971)
South Africa (males) - 2.3079 x 107 2.98 de Jaeger (1963)
" (females) -~ 1.40343 x 1070 3.09 de Jaeger (1963)
Western north 45-85 1.781 x 1072 3.053 Lee, Hue, and Kim
Pacific (1978)
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TABLE 7. CPUE statistics for the major north Pacific albacore fisheries, 1961~

1978 (from Bartoo and Kikawa, 1979).

Units:

metric tons per boat per day

for the Japanese livebait fishery; fish per boat per day for the United States
troll fishery; fish per 100 hooks per day for the Japanese longline fishery. The
"young” area extends from 25° to 45°N from October to March and from 30°
to 45°N in September, the "adult” area extends from 0° to 25°N, and the total
area extends from 0° to 45°N.

Japanese longline

Year Japanese  United States‘ﬁYoung" T Rdult” Total
livebait troll area area area
1961 4.40 69.17 0.55 0.14 0.25
1962 7.22 124.59 0.67 0.14 0.30
1963 6.29 132.09 0.68 0.19 0.32
1964 6.86 97.61 0.90 0.19 0.40
1965 6.26 89.07 0.70 0.25 0.33
\ 1966 5.94 90.45 1.20 0.27 0.54
§ 1967 6.09 126.83 0.88 0.29 0.40
: 1968 5.34 135.23 0.84 0.29 0.38
1969 4.95 112.57 0.60 0.31 0.28
é 1970 6.13 127.39 0.66 0.27 0.31
é 1971 6.94 96.68 0.43 0.22 0.21
| 1972 6.25 61.08 0.63 0.30 0.30
1973 5.49 82.89 0.85 0.30 0.38
1974 7.81 105.17 0.64 0.30 0.34
1975 5.95 99.81 0.46 0.21 0.23
| 1976 6.13 69.22 0.66 0.21 0.30
| 1977 3.01 59.90 0.60 0.14 0.26
é 1978 3.58 86.80 - - -
g Mean
é 1961-77  5.98 101.24 0.70 0.24 0.33
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TABLE 8. Total catch, index of abundance, and estimated total effective effort
for albacore in the south Pacific, 1962-1977 (from Wetherall, Riggs, and
Yong, 1979).

Total catch Index of abundance Estimated total

Year  etric tons) (CPUE in kg effective effort
per 100 hooks) (millions of hooks)
1962 39,479 146.00 27
1963 35,475 85.76 41
1964 24,975 75.39 33
1965 27,450 72.02 38
1966 41,387 63.66 65
1967 45,372 42.56 107
1968 32,355 33.76 96
1969 25,405 41.03 62
1970 30,672 35.42 87
1971 40,605 29.90 136
1972 40,753 21.45 190
1973 49,275 20.19 244
1974 34,911 13.86 252
1975 26,979 13.64 198
1976 36,534 18.00 203
1977 41,371 21.71 191

TABLE 9. Indexes of relative abundance of albacore for the longline fishery
based in A merican Samoa, 1954~1976 (from Skillman, 1978).

Metric tons Metric tons per Number of fish

Year per trip day fished per 100 hooks
1954 5.5 - -
1955 14.9 ~ -
1956 14.1 - -
1957 17.1 2.5 -
1958 22.3 1.8 -
1959 28.7 2.0 -
1960 39.3 1.7 -
1961 35.3 1.8 -
1962 36.0 1.6 8.44
1963 29.8 1.2 5.23
1964 28.5 1.2 4.96
1965 32.2 1.0 4.57
1966 35.1 1.1 5.20
1967 35.5 1.0 4.48
1968 30.5 0.7 3.43
1969 34.1 0.8 3.64
1970 37.2 0.9 3.98
1971 35.6 0.7 3.33
1972 31.8 0.6 2.87
1973 34.6 0.6 3.04
1974 21.9 0.4 1.82
1975 19.9 0.3 1.12
1976 37.2 0.6 1.89

o
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TABLE 10. Total catch, CPUE, and estimated total effective effort for albacore in the south Pacific Ocean, 1962-1971
(from Skillman, 1975). The catches in parentheses were estimated from the 1970 catches and the 1971 average fish
welghts for Japan because the 1971 data were not avallable.

Catch (metric tons) CPUE (metric tons) Estimated total

Year Japan RKe;)I:e(;f Rcehp;; :f Total per 103 per effective effort
hooks day 10% hooks  10° days
1962 Nation 28,352 - 298 28,650 19.267 17.517
American Samoa 13,326 1.4870 1.6356 8.962 8.147
Grand Total 41,976 28.229 25.664
1963 Nation 23,762 - 608 24,370 25.296 20.281
American Samoa 14,650 0.9634 1.2016 15.207 12.192
Grand Total 39,020 40.503 32.473
1964 Natdon 14,136 - 73 14,209 16 .857 12.671
American Sameca 10,791 0.8429 1.1214 12.802 9.623
Grand Total 25,000 29.659 22.294
1965 Nation 10,871 - 50 10,921 14.097 10.535
American Samoa 15,459 0.7747 1.0366 19.955 14.913
Grand Total 26,380 34.052 25.448
1966 Nation 16,534 0 0 16,534 18.918 15.512
Amerlican Samoa 25,570 0.8740 1.0659 29.256 23.989
Grand Total 42,104 48.174 39.501
1967 Nation 9,670 1,306 604 11,580 15.785 12.086
American Samoa 28,320 0.7336 0.9581 38.591 29.548
Grand Total 39,890 54.376 41.634
1968 Natdon 5,413 1,262 4,206 10,881 19.719 15.321
American Samoa 17,723 0.5518 0.7102 32.119 24.955

Grand Total 28,604 51.838 40.276
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TABLE 10. (continued)

Catch (metric tons) CPUE (metric tons) Estimated total
Year Japan RKe;)I: c;f Rcehpi.n Zf Total per 103 per effective effort
e
hooks day 108 hooks  10% days
1969 Nation 4,489 4,924 3,398 12,811 22.111 16.256
American Samoa 18,731 0.5794 0.7881 32.328 23.767
Grand Total 31,542 54.439 40.023
1970 Nation 5,598 4,673 3,707 13,978 24.570 16.206
American Samoa 23,876 0.56889 0.8625 41.969 27.692
Grand Total 37,854 66.539 43.888
1971 Natdon (6,437) (4,673) 5,863 16,973 31.052 23.639
American Samoa 22,193 0.5466 0.7180 40.602 30.909
Grand Total 39,166 71.654 54.548




TABLE 11. Fishing seasons for the various albacore fisheries, and displace ments of these
fisheries (from Yoshida and Otsu (1963) and Watkinson and Smith (1972)).

Fishery Range Peak Comments
Japanese March-July June originates south of Japan and develops
Livebait offshore into area of Kuroshio Front;
very com plex; some fish captured all
year (Van Campen, 1960)
Japanese Novem ber-A pril December- takes place across the north Pacific;
longline February sometimes taken all year (Van Campen,
1960)
North American  June-December August- commences east of 140°W; progresses
surface (in the north) September north and east, depending on ocean
May-January conditions; in some years, fish are
(in the south) caught in the southern area (below
38°N)in December and January
(Clemens, 1961)
South Pacific all year August- takes place north of 20°S from October
longline February to March, south of 20°S from April
through Septem ber (Otsu and Sumida,
1968; Yoshida, 1975)
New Zealand January-April February moves southward as season progresses
surface (Watkinson and Smith, 1972)
Hawaili — — albacore caught incidentally to other
longHne species
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TABLE 12. Estimated effort by fishery for albacore in the north Pacific, 1961~
1977. U.S. effort days are not equivalent to Japanese livebait days (from
Bartoo and Weber, 1979).

Japanese

Year longline ql?\g: Q:is: sul;o?i.ce
(hoo;(s X days days
107)

1961 3,260 4,235 25,255
1962 2,652 1,209 27,464
1963 2,927 4,200 31,456
1964 2,435 3,478 30,355
1965 2,825 6,628 24,945
1966 2,696 3,843 25,756
1967 3,262 5,005 26,453
1968 3,047 3,108 29,175
1969 4,005 6,447 28,528
1970 3,907 3,958 20,165
1971 3,791 7,631 44,015
1972 5,242 9,695 67,319
1973 4,588 12,685 32,031
1974 5,206 9,421 39,748
1975 5,080 8,766 35,449
1976 9,209 13,921 38,445
1977 12,825
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TABLE 13. Estimated percentages of total nominal effort by latitude for longliners of the Republc of China and the
Republic of Korea based at American Samoa, 1964-1977 (from Wetherall, Riggs, and Yong, 1979).

89

Latitude Effo
Year Nation 0°-5% 5°-10°s 10°-15%s 15°-20°S 20°-25% 25°-30°Ss 30°-35°S 35°-40°S hgtgs)
1964 Rep. of China 0 16.9 76.1 5.1 1.3 0.6 0 0 611
Rep. of Korea 0 45.9 53.9 0.2 0 0 0 0 1,280

1965 Rep. of China 2.7  62.8 21.7 8.7 0.3 3.8 0 0 1,881
Rep. of Korea 0.2 S54.4 34.5 6.3 1.5 3.1 0 0 4,708

1966 Rep. of China 0.4 36.7 36.8 9.5 A 12.2 0 0 7,708
Rep. of Korea 0.4  44.2 28.4 13.3 0.5 10.1 3.1 0 10,061

1967 Rep. of China 1.0 33.2 27.4 14. 3.1 17.2 4.0 0.1 13,373
Rep. of Korea 2.2 31.8 27.5 19.5 2.1 7.1 9.5 0.3 15,378

1968 Rep. of China 2.8  52.3 20.3 9.9 3.6 8.7 2.4 0 12,219
Rep. of Korea 10.3  41.8 15.6 15.3 1.3 10.0 5.7 0 14,276

1969 Rep. of China 4.8 53.1 29.8 6.6 1.4 3.1 1.2 0 9,554
Rep. of Korea 12.7  40.5 19.0 10.7 1.5 13.8 1.8 0 20,681

1970 Rep. of China 3.6  45.0 29.5 11.0 2.4 6.3 2.2 0 13,746
Rep. of Korea 9.5 27.1 16.9 15.6 1.6 16.6 10.8 1.9 20,405

1971 Rep. of China 7.4 31.5 21.9 16.0 4.8 10.2 7.5 0.7 12,891
Rep. of Korea 6.3 17.4 16.8 21.8 6.3 14.5 13.0 3.9 21,994

1972 Rep. of China 5.8 37.7 25.7 12.0 4.9 10.9 2.6 0.5 12,885
Rep. of Korea 10.2  21.8 19.2 14.4 2.9 13.7 5.4 12.4 21,603
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TABLE 13. (continued)

Latitude Effort

3

Year Natlon 0°-5°5 5°-10°s 10°-15°S 15°-20°S 20°-25°5 25°-30°S 30°-35°S 35°-40°S h(lg )
O0KS

1973 Rep. of China 1.2 32.2 20.9 12.0 A 19.5 6.9 2.9 15,541
Rep. of Korea 5.6 19.9 13.6 6.8 6.5 19.3 14.4 13.9 32,682

1974 Rep. of China 2.3 18.5 20.6 18.0 4.3 10.8 9.0 16.5 14,088
Rep. of Korea 16.9 14.2 11.7 12 9.7 7.5 9.8 18.2 26,872

1975 Rep. of China 3.5  33.0 33.0 8.9 3.4 11.6 2.0 4.6 7,933
Rep. of Korea 13.1  44.5 24.1 8.3 4.2 2.8 1.2 1.8 19,876

1976 Rep. of China 1.0 17.0 43.0 12.2 2.9 15.7 3.8 4.4 6,267
Rep. of Korea 5.4 25.4 18.0 22.8 7.3 17.0 1.9 2.2 22,514

1977 Rep. of China 0.8 32.6 24.1 15.2 4.2 13.6 5.9 3.6 9,980
Rep. of Korea 7.1 28.8 20.9 11.0 7.8 14.5 6.3 3.6 25,041




TABLE 14. Catches of albacore in the north Pacific Ocean, in metric tons, 1940~1978 (from Bartoo and Kikawa, 1979).

L9

Rep. of

Japan1 China United States2 Canada Tota13

Year Live-  Long- Other Total Long- Live— Troll sport® Total Troll
bait line gear Line bait

1940 6,212 6,212 2
1941 5,266 5,266 34
1942 10,585 10,585 -
1943 17,071 17,071 13
1944 23,948 23,948 210
1945 17,800 17,800 648
1946 10,950 10,950 196
1947 12,234 84 12,318 362
1948 22,403 113 22,516 978
1949 24,895 166 25,061 1,012
1950 32,847 866 33,713 961
1951 16,463 15,629 557 16,186 86
1952 41,786 23,843 1,373 25,216 71
1953 32,921 15,740 171 15,911 5
1954 28,059 12,246 147 12,393 -
1955 24,236 13,264 577 13,841 -
1956 42,810 18,751 482 19,233 17
1957 49,500 21,165 304 21,469 8
1958 22,175 14,855 48 14,903 74
1959 14,252 20,990 - 20,990 212
1960 25,156 20,100 557 20,657 5
1961 18,636 17,437 268 36,341 2,837 12,054 1,355 16,246 4 52,591
1962 8,729 15,764 191 24,684 1,085 19,753 1,681 22,519 1 47,204
1963 26,420 13,464 218 40,102 2,432 25,142 1,161 28,735 5 68,842
1964 23,858 15,458 319 39,635 3,411 18,389 824 22,624 3 62,262
1965 41,491 13,701 121 55,313 417 16,461 731 17,609 15 72,937
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TABLE 14. (continued)

Rep. of
Japanl China United States? Canada T ta13
Year Live-  Long- Other Total Long- Live- Troll sport? Total Troll °
bait Hne gear line bait

1966 22,830 25,050 585 48,465 1,600 15,169 588 17,357 44 65,866
1967 30,481 28,869 520 59,870 4,113 17,814 707 22,634 161 82,655
1968 16,597 23,961 1,109 41,667 4,906 20,441 951 26,298 1,028 68,993
1969 31,912 18,006 1,675 51,593 2,996 18,826 358 22,180 1,365 75,138
1970 24,263 15,372 1,069 40,704 4,416 21,039 822 26,277 354 67,335
1971 52,957 10,915 1,623 65,495 2,071 22,196 1,175 25,442 1,587 92,524
1972 60,591 12,622 1,120 74,333 3,750 23,600 637 27,987 3,558 105,879
1973 69,640 16,000 2,152 87,792 2,236 15,652 72 17,960 1,720 107,472
1974 73,576 12,952 1,390 87,918 4,777 20,177 739 25,693 1,207 114,818
1975 52,157 9,931 697 62,785 3,243 18,926 1,243 23,412 101 86,298
1976 85,336 15,738 2,622 103,696 2,700 16,314 766 19,780 252 123,728
1977 31,934 15,512 1,952 49,398 524 1,479 10,012 619 12,128 53 61,579

19784 62,000 - - - 950 15,700 - 16,650 23 -

1. Japanese longline catch for 1961-68 excludes minor amount taken by vessels under 20 gross tons. Longline catch in
welght is estim ated by multiplying annual num ber of fish caught by an average weight statistic.

2. United States Hvebait catch excludes minor amount taken by vessels not submitting logbooks to TATTC; this amount is
included in the troll catch.

3. Omnitted are unknown but minor catches by longline and Hvebait vessels of the Republics of Korea and China.
4, 1978 figures are preliminary.
5. All gears 1940-1960 added together.

6. Estimated minimum based on partial coverage rate.



TABLE 15. Catches of albacore in the south Pacific Ocean, in metric tons, 1952-
1977 (from Wetherall, Riggs, and Yong, 1979).

Column 1 2 3 4 5 6 7
Rep. of Japan and Rep. of
Year Japan China Rep. of R Korea Others Total
China

1952 210 - 210 - - - 210
1953 1,091 - 1,091 - - - 1,091
1954 10,200 - 10,200 - - - 10,200
1955 8,420 - 8,420 - - - 8,420
1956 6,220 - 6,220 - - - 6,220
1957 9,764 - 9,764 - - - 9,764
1958 21,558 - 21,558 - l4e - 21,704
1959 19,344 - 19,344 - 456 - 19,800
1960 23,756 - 23,756 - 610 - 24,366
1961 25,628 - 25,628 -~ 330 - 25,958
1962 38,880 0 38,880 0.0154 559 - 39,479
1963 33,500 608 34,108 0.0400 1,367 - 35,475
1964 21,435 629 22,064 0.1319 2,911 - 24,975
1965 19,305 1,640 20,945 0.3058 6,405 100 27,450
1966 23,401 6,669 30,070 0.3597 10,817 500 41,387
1967 16,640 14,910 31,550 0.4347 13,717 105 45,372
1968 7,707 14,496 22,203 0.4566 10,138 14 32,355
1969 5,559 9,883 15,442 0.6451 9,963 - 25,405
1970 6,560 12,463 19,023 0.6097 11,599 50 30,672
1971 4,339 21,584 25,923 0.5586 14,482 200 40,605
1972 2,796 23,050 25,846 0.5586 14,439 486 40,753
1973 2,381 28,858 31,239 0.5586 17,452 584 49,275
1974 1,847 19,980 21,827 0.5586 12,194 890 34,911
1975 1,045 15,092 16,137 0.5586 9,015 1,827 26,979
1976 1,906 19,954 21,860 0.5586 12,212 2,462 36,534
1977 2,240 21,345 23,585 0.5586 13,176 4,610 41,471
Com ments:

Column l: Japanese longHne catch courtesy of 8. Ueyanagi, Far Seas Fisheries
Research Laboratory.

Column 2: Catch by Republic of China's high-seas longliners (over 50 gross tons)
based at foreign ports estimated from published Republdc of China
catch statdstics and average weights of albacore landed at Pago Pago.

Column 3: Column 1 plus column 2.

Column 4: R is the ratio of Republic of Korea's catch of south Pacific albacore to
total catch of this species by Japan and Republc of China, estimated
from data in Skillman (1975).

Column 5¢ Column 3 x column 4, except for 1958-1961, which are from A merican
Samoa cannery records.

Column 6: Includes catch by Chile (from FAOQ statistics), Fiji (courtesy of Ian
Brown), and New Zealand (from Habib and Cade, 1978).
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TABLE 16. Catches of albacore in the Pacific Ocean by Japanese purse-seine
vessels in metric tons, 1961-1974 (adapted from Honma and Suzuki, 1978).

Year Catch
1961 7
1962 53
1963 59
1964 128
1965 11
1966 111
1967 89
1968 367
1969 521
1970 317
1971 902
1972 277
1973 1,353
1974 161
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1 IDENTITY
The scientific name for the yellowfin tuna is Thunnus albacares,

2 DISTRIBUTION
2.1 Total area

Yellowfin are distributed worldwide, occurring in the tropical and sub-
tropical waters of the Indian, Pacific, and Atlantic Oceans, and in each of
the warm seas of the world except the Mediterranean Sea. The coastal 1limits
of yellowfin distribution in the Pacific Ocean were documented by Rosa (1950).
He reported that yellowfin range from Point Conception, California, ¢to San
Antonio or Talcahuano, Chile, along the eastern Pacific coastline, and from
Hokkaido, Japan, through the Indonesian Archipelago, to Cape Howe, Australia,
and New Zealand, along the western Pacific shoreline. Blackburn (1965)
suggested that the longitudinal limits of yellowfin are about 350N in the
eastern north Pacific, 3308 in the eastern south Pacific, 40°N in the
western north Pacific, and 35°S in the western south Pacific. Kamimura
and Honma (1963) stated that yellowfin are distributed in practically every
part of the Japanese longline fishing grounds, which at that time extended
from about 40°N to about HOOS, and from the Asian coast eastward along the
Equator to about 100°w; The longline fishery has since expanded further into
the eastern Pacific, and recent cateh records from this fishery and the
purse-seine surface fishery (see Section 5.2 and Figures 8 and 11) indicate
the relatively continuous distribution of yellowfin within its range,
which extends across the Pacific and 1is roughly approximated by the 40°N
and 40°S latitudes (Calkins and Chatwin, 1967 and 1971; Shingu et al., 1974;
Calkins, 1975; Anonymous, 1974a, 1975a, 1976a, 1977a, and 1980a; Suzuki et
al., 1978).

2.2 Differential distribution

2.217 Spawn, larvae, and juveniles

The distribution of yellowfin eggs has not been determined because it is
not possible to differentiate these eggs from those of many other scombrids.

Yellowfin larvae distribution has been examined by Wade (1951), Sun®
(1960), Yabe and Ueyanagi (1962), Ueyanagi et al. (1969a), and Mori (1970) for
the western Pacific; by Matsumoto (1958), Strasburg (1960), Sun' (1960), and
Nakamura and Matsumotc (1967) for the central Pacific; and by Mead (1951),
Klawe (1963), and Klawe et al. (1970) for the eastern Pacific. Much of the

data of these investigators has been incorporated into the works of Yabe et
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al. (1963), Matsumoto (1966a), Ueyanagi (1969b), Nishikawa et al. (1978), and
Suzuki et al. (1978) in investigations of the distribution of yellowfin larvae
in the entire Pacific Ocean., The studies on larvae distribution indicate that
the larvae are trans-Pacific in occurrence, although their distribution is
limited latitudinally to tropical and subtropical waters. Larvae occur year-
round in equatorial waters, but there is a seasonal change in density in the
subtropical waters of the western Pacific. Seasonal peaks in density of lar-
vae occur in the Kuroshio Current area during May to June and in the East Aus-
tralian Current during November to December. In the eastern Pacific the range
of yellowfin larvae is compressed somewhat during winter of the northern hemi-
sphere by cold water converging toward the equator from the north and south.
Although data are not available for an entire year, there appears to be
a peak in density of larvae from April to June off Central America (Figure 1).

Klawe (1963) examined the vertical distribution of yellowfin larvae in
the eastern Pacific. He found no evidence of occurrence of larvae below the
thermocline. Information on the vertical distribution of yellowfin larvae in
the central Pacific has been provided by Matsumoto (1958) and Strasburg (1960)
and in the Indo-Pacific by Ueyanagi (1969b). These investigators indicated
that yellowfin larvae are probably restricted to the upper 50 or 60 meters of
the ocean.

Higgins (1967) summarized the published accounts on the capture of
Jjuvenile yellowfin, He reported that juveniles have been collected in
the western Pacific as far north as approximately 31°N near the coast of
Japan and as far south as 23°s. In the central Pacific the northernmost
record is 23°N near the Hawaiian Islands, and the southernmost record is 2308.
In the eastern Pacific juvenile yellowfin have been recorded from approxi-
mately 24°N off Baja California to approximately 2°S, just off the coast of
Ecuador. Higgins (1967) found no records of juvenile yellowfin in the area
bounded by 150° and 112°W. He attributed this hiatus to insufficient sampling
in this area.

Higgins (1970) examined the distribution of juvenile tunas in Hawaiian
waters from July to September, 1967. Although skipjack was the dominant
species encountered, he found that Jjuvenile yellowfin were more abundant
offshore than inshore, and that they exhibited no extensive vertical migra-

tions.
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2.22 Adults

Areas of occurrence and seasonal and annual variations in the distribu-
tion of adult yellowfin are discussed in Sections 2.1 and 5.3, respectively.

2.3 Determinants of distribution changes

Temperature is an important determinant of the horizontal distribution of
yellowfin, particularly at the northern and southern limits of its range in
the eastern Pacific. There have been two reports of yellowfin occurrence in
surface waters as cool as 15°¢C (Bini, 1952; Uda, 1957); however, Laevastu and
Rosa (1963) and Blackburn (1965) suggested that the thermal boundaries of yel-
lowfin occurrence were 18° and 31°C. Laevastu and Rosa (1963) and Broadhead
and Barrett (1964) noted that commercial concentrations of yellowfin occurred
between 20° and 28°C, but Blackburn (1965) stated that the upper limiting tem-
perature for fishable abundance was at least 30°C, not 28°C. 1In a later study
made off Baja California, Blackburn (1969) verified, despite one exception
when fish entered 17°C water to feed because warmer water areas were scarce
and had limited food supply, that yellowfin prefer to congregate in areas of
plentiful food where the surface temperatures are 20°C or greater, Yellowfin
have been observed to exhibit movements in conjunction with changes in the
position of the 20° and 21°C isotherms off North America (Radovich, 1961 and
1963; Blackburn and associates, 1962; Broadhead and Barrett, 1964), and were
found to be limited to the northern boundary of the Peru Current off South
America during non-El Nino conditions (Broadhead and Barrett, 1964; Sandoval
T., 1970). West of 15o°w. however, thermal boundaries do not restriect the
latitudinal distribution of yellowfin as much as in the eastern Pacific
because of the larger north-south temperature variations.

The vertical thermal structure of the ocean appears to influence the
vertical distribution of yellowfin. Brock (1959) noted that purse-seine sur-
face fishing in the eastern Pacific is usually restricted to areas where there
is a relatively shallow mixed layer. Similarly, Suzuki et al. (1977) compared
catches of regular versus deep longline gear in the western and central equa-
torial Pacific and found that the catches of yellowfin by the regular gear
were relatively higher in areas where the thermocline was shallower. Green
(1967), Sharp (1978), and Miller and Evans (1979) have demonstrated a high
correlation between the yellowfin's vulnerability to capture by purse seines,
the depth of the mixed layer, and the strength of the temperature gradient

within the thermocline. Strong thermocline gradients and dissolved oxygen
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concentrations less than 2 ml/1 found below the thermocline appear to present
a barrier which yellowfin are reluctant to cross, making it more susceptible
to capture in situations where the minimum depth of the net extends past the
depth of the thermocline.

As Blackburn (1969) noted, the availability of forage organisms in areas
of optimum temperature is an important factor in determining where yellowfin
tend to aggregate. Areas of high phytoplankton productivity and high standing
crops of zooplankton are produced, in part, by upwelling, doming, and converg-
ing surface waters of different densities. Yellowfin conceivably are drawn to
these areas to feed on forage organisms also gathered there. 1In this respect,
yellowfin distribution has been found to coincide with areas of upwelling and
ocean frontal boundaries between the Equatorial Countercurrent(s) and the
South Equatorial Current (Blackburn, 1965; Murphy and Shomura, 1972; Uda,
1973; Yamanaka, 1978).

2.4 Hybridization

No information is available on this subject.

3 BIONOMICS AND LIFE HISTORY

3.1 Reproduction

3.11 Sexuality

Yellowfin are heterosexual, but exhibit no externally visible sexual
dimorphism.

3.12 Maturity

Yellowfin inhabiting coastal areas or waters close to islands attain sex-
ual maturity at a different size than do those found in offshore waters of the
Pacific. Wade (1950a) found a sexually mature male 525 mm in length near the
Philippine Islands, and Bufiag (1956) encountered a mature female with a length
of 567 mm in the same area. Orange (1961) found the minimum size of mature
female yellowfin along the coast of Central America to be 50 cm; in this area
20 percent of the females in the 50- to 60-cm size class were found to be
mature. In the central equatorial Pacific, on the other hand, a few yellowfin
reach maturity at around 70 to 80 cm, but the majority do not mature until
they reach 120 cm (Yuen and June, 1957). Similarly, Kikawa (1962) reported
female yellowfin attain first maturity at more than 110 cm in the western and
central Pacific longline grounds, although a few individuals were found to be
mature at lengths between 80 to 110 cm. In the eastern Pacific longline

grounds (areas east of 130°W), Shingu et al. (1974) found the minimum size at
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first spawning for both sexes to be between 91 and 100 em; however, their data
also indicate that a high percentage of fish reached first maturity at lengths
above 120 cm,

Kikawa (1966) postulated that the spawning potential of small (<100 cm)
yellowfin 1likely to be distributed in open areas of the western Pacific had
been underestimated. A recent study (Suzuki et al., 1978) points out that
such may also be the case in the eastern Pacific. Significantly higher per-
centages of sexually mature yellowfin under 120 cm in length were found in
samples taken from purse-seine surface catches than in samples gathered from
longline catches made in the same area and month, Hisada (1973) has also
reported differences in sexual maturity of yellowfin sampled from surface
hand-line and longline catches in the Coral Sea. These results seem to imply
that 1longline gear may be an inappropriate sampling gear for maturation stud-
ies. It is possible that a re-evaluation of the spawning potential of yel-
lowfin of smaller size groups, as suggested by Kikawa (1966) and Suzuki et al.
{1978), will show that a higher proportion of fish under 120 cm in open waters
of the Pacific are mature than was previously thought.

In light of the apparent size range at which yellowfin have been found to
reach sexual maturity, the age at first maturity, on the basis of the length-
age relationship established for yellowfin (Table 3), is about 2 or 3 years
(Ueyanagi, 1966a).

3.13 Mating
The spawning of yellowfin has not been observed, but the mating is
presumably promiscuous.
3.14 Fertilization
The fertilization of the eggs takes place externally.
3.15 Gonads

Kikawa (1966) calculated the following equations for the relationships
between body length and ovary weight (both ovaries combined) for yellowfin in
the tropical central and western Pacific Ocean:

fish under 160 em: Y = (9.596 x 10~
fish over 160 cm: Y = 2760 + 5,318X;

where Y = ovary weight in grams and X = fork length in centimeters. Fecundity

5) x3.436;

studies have been carried out by June (1953) and Joseph (1963) for yellowfin
in the central and eastern Pacific, respectively. The relationship between the

length and the number of maturing ova is expressed by:
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Y = (8.955 x 107%) x2: 791,

where Y = millions of ova in the most advanced mode and X = total 1length (to
the cartilaginous median part of the caudal fork) in millimeters (Joseph,
1963).

3.16 Spawning

Yellowfin spawning in the western and central regions of the Pacific
Ocean takes place in the northern latitudes during spring and summer of the
Northern Hemisphere, and in the southern latitudes during spring and summer of
the Southern Hemisphere (Table 1). In the equatorial waters of the western
and central Pacific spawning occurs throughout the year. In the eastern
Pacific spawning takes place year-round in northern equatorial waters; how-
ever, in southern equatorial waters yellowfin spawn mostly during the first
half of the year, with minimal spawning during the second half because of the
intrusion of water cooler than 26°C into the area. Ueyanagi (1969b and 1978)
stated that this temperature is probably the lower limit for spawning. Off the
coasts of Mexico and Central America yellowfin spawn throughout the year, but
the peaks of spawning occur at different times in different areas. Spawning
appears to be more sporadic and shorter in duration in the coastal spawning
areas than in northern equatorial waters.

By identifying the recruitment cohorts present on the spawning grounds,
Knudsen (1977) was able to show that yellowfin spawn at least twice a year off
southern Mexico and Central America. The periods of spawning vary in length
and time of occurrence from year to year.

Yellowfin eggs were artificially fertilized successfully on board a purse
seiner off Japan in 1970 (Mori et al., 1971) and again in 1971 and 1976
(Ueyanagi, 1978). The fertlized eggs were transferred to a laboratory, and
the resultant Jlarvae were reared in large-volume %tanks, The most successful
culture occurred in the 1976 experiment, where the larvae reached 4 ocm total
length in 4 weeks, On this occasion one larva survived 38 days, reaching
juvenile stage, and attained a length of 5.3 om and a weight of 1.33 g
(Ueyanagi, 1978).

3.17 Spawn

A description of the development of the ova of yellowfin is given by June
(1953).

3.2 Pre-adult phase

The general development from pre«larval to post-larval phase of the
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yellowfin larvae hatched from artificially fertilized eggs has been described
by Mori et al. (1971). Descriptions of larval and post-larval yellowfin col-
lected at sea are given by Mead (1951), Wade (1951), Matsumoto (1958 and
1962), Sun' (1960), Ueyanagi (1966b and 1969b), and Matsumoto et al. (1972).
The internal anatomy of the yellowfin larva has been described by Richards and
Dove (1971). The juvenile forms have been described by Schaefer and Marr
(1948), Wade (1950b), Yabe et al. (1958), and Matsumoto (1961).
3.3 Adult phase
3.31 Longevity
The longevity of yellowfin has not been accurately determined. The larg-
est yellowfin captured with sport gear had a fork length of 209 em (Olson,
1980) and weighed 176.35 kg (Anonymous, 1980c).
3.32 Hardiness
Tester (1952) discussed the difficulties in transporting live vyellowfin
and subsequent attempts to establish yellowfin in various ponds and fish
tanks. In regard to resistance to the stresses encountered during tagging and
handling, Clemens (1961) ranked yellowfin fourth in hardiness behind albacore,

Thunnus alalunga, northern bluefin, T. thynnus, and bigeye, T. obesus.

3.33 Competitors

There is no doubt that many large carnivorous fish and marine mammals
occupying the same domain as yellowfin compete with it for certain food items.
From a limited sample of the stomach contents of longline-caught yellowfin and
bigeye, Juhl (1955) related that the food preferences of these tunas did not
differ. Waldron and King (1963) noted that squids were common in the diet of
yellowfin, bigeye, and skipjack, Katsuwonus pelamis. Perrin et al. (1973)
found that an ommastrephid squid, which they suspected to be Dosidicus gigas,
was a prominent food item of yellowfin, the spotted dolphin, Stenella

attenuata, and the spinner dolphin, S. longirostris.
3.34 Predators
Yabe et al. (1958) reported finding young yellowfin in the stomachs of

larger yellowfin, shortbill spearfish, Tetrapturus angustirostris, white mar-

lin, T. albidus, and black marlin, Makaira indica. Strasburg (1969) reported

the capture of a 1500-pound (680-~kg) black marlin in the central Pacific that
had a 157-pound (71-kg) yellowfin in its stomach which it apparently had
speared twice before eating., Sivasubramaniam (1966) stated that predation by

sharks in the Pacific or Indian Ocean damaged 11 percent of the longline catch
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of tunas. He determined that damage to the longline catch of tunas tended to
coincide with high densities on the fishing grounds of the oceanic whitetip

shark, Carcharhinus longimanus, and another requiem shark, C. brachyurus.

Attacks by these sharks on yellowfin restrained by longline hooks, of course,
does not necessarily indicate that these particular sharks prey on yellowfin
under normal conditions, Sivasubramanian (1966) further reported that killer
whales may account for damage to over 3 percent of the total longline catch of
tuna in the Pacific Ocean.

3.35 Parasites and diseases

Shiino (1959b), Ward (1962), Schaefer et al. (1963), Silas (1967), Kabata
(1970), Chen and Yang (1973), Love and Moser (1977), and Cressey and Cressey
(1980) provide data on parasites which are known to infest yellowfin,

3.36 Physiology and biochemistry

Yellowfin, like all tunas, are warm-bodied, possessing retia mirabila
("wonderful nets") which act as countercurrent heat exchangers in retaining
the heat produced through metabolism. The retia are systems of closely packed
parallel arterioles and venules; heat is retained through the cooling of warm
venous blood on its way to the gills and the warming of cool arterial blood on
its way to body tissues (Carey and Teal, 1966; Carey et al., 1971; Carey,
1973). Yellowfin have been found to be less warm-bodied than some other
tunas, having muscle temperatures averaging about 1° to 5°C higher than the
ambient sea water (Barrett and Hester, 1964; Carey et al., 1971; Carey, 1973;
Graham, 1975).

Linthicum and Carey (1972) described the carotid retia which conserve the
heat produced in the eyes and brain in the genus Thunnus. These retia are
located on the ventral surface of the prootic bone, dorsal and anterior to the
first efferent branchial arteries. They found the carotid retia of the yel-
lowfin to be less developed than those of the northern bluefin. Graham (1975)
determined the thermal profile of the red muscle of yellowfin and described
the structure of the central and cutaneous retial systems. The central rete
is situated in the haemal arch on either side of the aorta and cardinal vein.
The cutaneous retial system consists of four pairs of lateral exchangers, two
epaxial and two hypaxial, each adjoined to a longitudinal cutaneocus artery and
vein. Graham also found differences in the retia of yellowfin and northern

bluefin and determined that the skipjack tunas (Euthynnus and Katsuwonus) have

much more developed central heat exchangers than yellowfin,
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Several arguments have been postulated for the adaptive benefits tunas
derive from having elevated body temperatures. Linthicum and Carey (1972)
propose that having warm eyes and brains enhances the tunas' vision and
response to prey. Carey et al. (1971) suggested that elevated muscle tempera-
tures increase the power of the swimming muscles, thereby promoting the fast
swimming speeds which have been demonstrated for scombrids (Walters and Fier-
stine, 1964; Yuen, 1966; Magnuson, 1978b). Stevens and Neill (1978), who have
given a thorough review of the body temperature relations of tunas, stated
that being warm enables tunas to recover rapidly after rigorous exercise, mak-
ing it possible for more frequent feeding frenzies.

Another adaptive advantage of'heat exchangers is that they provide tunas
with a large thermal inertia, which probably allows them toc move freely from
the upper mixed layer into the thermocline despite rapid changes in water tem-
perature (Graham, 1975; Neill et al., 1976), and may enable them to sense weak
temperaure gradients (Neill et al., 1976). Dizon et al. (1977) found that yel-
lowfin swam more slowly as the water temperature decreased, but that changes
in swimming speed did not keep pace with changes in water temperature. They
credited this effect to the yellowfin's thermal inertia.

Stevens and Neill (1978) and Dizon and Brill (1979a and 1979b) reviewed
investigations implying thermoregulation in tunas and discussed several ther-
moregulatory options available to tunas. In laboratory experiments the latter
investigators found no relationship between red-muscle temperature and swim-
ming speed in yellowfin despite the fact that heat produced through metabolism
is directly linked to swimming speed. They observed both direct and indirect
relationships between muscle temperature and metabolic heat production, and
proposed that yellowfin are capable of some type of physioclogical thermoregu-
lation mediated through the central nervous system.

Sidwell et al. (1974) surveyed the world literature on the chemical com-
position of the edible portion of 153 species of fish., They provide the fol-

lowing values for the protein, fat, moisture, and ash content in yellowfin:

Moisture

Protein Fat (gm per 100 gm) Ash
1) 24.3+ 0.2 2.2t 0.5 73.2+ 0.5 1.5 + 0.3
2) 22.9--25.8 0.1--9.5 67.3--77.1 1.3--1.9
3) 26 25 27 25
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where: 1) = mean and standard error of the mean; 2) = range; and 3) = number
of averages used to compute the overall average.

Sharp and Pirages (1978) examined the distribution of the red and white
muscle and electrophoretically assayed the enzymes of red, white, and heart
muscle of yellowfin. On the basis of similarities observed in the electro-
phoretic mobilities of major proteins, they were able to diagram the phylogeny
of the genus Thunnus. They found that the yellowfin was the least divergent
of the eight species examined, occupying the central position in the Thunnus
phylogeny.

Magnuson (1973) determined the influence of the gas bladder on the den-
sity of yellowfin and the corresponding influence on 1ift by the pectoral fins
required to maintain neutral bouyancy. The gas bladder of the yellowfin grows
allometrically, and as it grows the density of the fish becomes less. He
found that as density becomes less the 1ift required to keep a yellowfin from
sinking increases only slightly. However, in the case of the skipjack, which
has no gas bladder and whose density remains roughly the same over its entire
size vrange, the lift necessary for maintaining neutral bouyancy increases in
direct proportion to the increase in mass. Magnuson reasoned that differences
in the density, fish size, and lifting area of the pectorals would signifi-
cantly influence the swimming velocity necessary to maintain hydrostatic
equilibrium. Species with greater mass, higher density, and smaller pectorals
should demonstrate greater minimum swimming velocities. Magnuson was able to
show this using a model he devised in an earlier study (Magnuson, 1970) which
predicted the minimum speed required to maintain hydrostatic equilibrium, His
results have aided other investigators (Sharp and Francis, 1976; Sharp and
Viymen, 1978) in determining the swimming energetiecs of yellowfin,

3.4 Nutrition and growth

3.41 Feeding

Yellowfin apparently eat any forage organism from the three major marine
groups comprising their diet, fish, cephalopods, and crustaceans, which they
can catch and swallow, as determined by gill raker gap and maximum distensi-
bility of the oesophagus (Magnuson and Heitz, 1971). "Feeding occurs during
the daylight hours and principally in the surface layers of the open oceans”
(Schaefer et al., 1963).

3.42 Food
Watanabe (1958) reported the occurrence of 37 families of fish and 8 or-
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ders of invertebrates in the stomachs of yellowfin examined from the western
equaterial Pacific. In a later study (1960) he showed that the diet of yel-
lowfin from several regions in the western Pacific and the 1Indian Ocean was
quite varied. Volumetric food composition studies carried out in the central
Pacific (Reintjes and King, 1953; King and Ikehara, 1956) and the eastern
Pacific (Blunt, 1960; Alverson, 1663; Anonymous, 1979a and 1980a) also show
that the diet of, yellowfin is diverse. These studies indicate that although
yellowfin consume a variety of food organisms, only a few organisms of the
three major categories, fish, cephalopods, and crustaceans, appear as dominant
components. The major food items found in yellowfin stomachs in central and
eastern Pacific waters are shown in Table 2.
3.43 Growth rate

The age and growth of yellowfin have been studied through analysis of
rings on scales and vertebrae (Aikawa and Kato, 1938; Nose et al., 1957;
Yabuta et al., 1960; Tan et al., 1965; Yang et al., 196G), modal progression
of 1length frequencies (Moore, 1951; Yabuta and Yukinawa, 1957 and 1959; Hen~
nemuth, 1961a; Davidoff, 1963), incremental growth (Diaz, 1963), and data from
tagging experiments (Blunt and Messersmith, 1960; Schaefer et al., 1961; Bay~
liff, 1973). In addition, there have been recent attempts to age yellowfin by
counting growth increments deposited on the otoliths; (Uchiyama and Struh-
saker, 1979; Anonymous, 1980a, Wild and Foreman, 1980). None of the direct
aging methods, 1i. e. counting marks on hard tissue, have proven reliable for
aging individual fish. All of the methods, however, have provided comparable
estimates on the rate of growth of yellowfin,

Growth determinations by the scales and vertebrae, length frequencies,
and incremental growth methods have been reviewed by Shomura (1966) and Suzuki
(1971). These authors note that there is general agreement among the various
investigators that yellowfin grow rapidly in early life and at a similar rate
in the major regions of the Pacific Ocean, The estimates of the parameters of
the wvon Bertalanffy growth equation realized in the various studies are given
in Table 3.

3.44 Metabolism

Yellowtin, as do all tunas, have a high metabolic rate, although actual
measurements of metabolic rate in yellowfin are yet to be made. Much of the
knowledge regarding metabolism in tunas, including yellowfin, is inferred from
experiments carried out on skipjack (Gorden, 1968; Stevens, 1972: Sharp and
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Dizon, 1978; Brill, 1979; Gooding et al., no date; Forsbergh, 1980).

3.5 Behavior

3.51 Migrations and local movements

Suzuki et al. (1978) have summarized what is known about the extent of
yellowfin migration in the Pacific Ocean:

"Tagging experiments of yellowfin exploited by the surface fisheries in
the eastern Pacific have been conducted for many years. Analysis of data for
fish recovered up to 1965 indicated that yellowfin tuna migrate on a large
scale along the coastal regions of the CYRA [Figure 16] (Fink and Bayliff,
1970). The extent of inshore-offshore (east-west) migration was not revealed
by these experiments, however, because until about the middle 1960's the sur-
face fleets had been fishing only near «coastal areas and a few offshore
islands. However, since no tag recoveries were made outside the CYRA by the
Japanese longliners that were operating over offshore areas contiguous to and
partly overlapping the surface fishing grounds it was believed that there were
no large-scale inshore-offshore movements (Schaefer et al., 1961; Joseph et
al., 1964).

"The results of the analysis of more recent tag recovery data (Bayliff
and Rothschild, 1974; IATTC, 1977 [= Anonymous, 1977b; see also Bayliff,
19791) indicate that there is not a strong tendency for yellowfin to move
offshore as they get older. However, this can be verified only by obtaining
more tag return data and by a more even geographical and temporal distribution
of fishing effort...

"In the western and central Pacific, very few yellowfin tagging experi-
ments have been carried out so far, mainly due to the inadequacy of longline
gear (the major fishing method for yellowfin in this region) for this purpose.
Experimental tagging cruises have been conducted, taking advantage of handline
fishing on banks in the tropical western Pacific. However, tagged fish were
recaptured close to the release points, and all within one year after their
release (Kikawa, 1971). As Schaefer et al. (1961) have pointed out, tuna
tagged near fishing banks tend to disperse very slowly. Thus these tagging
experiments appear to be inadequate for detecting the extent of migration.
However, wunpublished data from the Tohoku Regional Fisheries Research Labora-
tory indicate that a yellowfin tagged at 9056’N, 137030'E was recaptured at
32057'N, 1360Q0'E, and unpublished data from the Far Seas Fisheries Research

Laboratory indicate that a yellowfin tagged at 26025'8, 154°151E was
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recaptured at 36026'3, 150013'2. These long-distance movements partially sup-
port the hypothesis of yellowfin migration along the Kuroshic and the East
Australian Currents..., as suggested from the distribution of the longline
catch rates.”

A selection of long-range movements that have been exhibited by tagged
yellowfin in the western and eastern Pacific is shown in Figure 2.

3.52 Schooling

Yellowfin generally school at the surface with individuals of the same
species and the same size; the tendency to school by size seems to be stronger
than the tendency to school by species (Orange et al., 1957; Orange and Broad-
head, 1960; Calkins, 1965). Mixed schools of yellowfin and skipjack are often
encountered by fishing vessels, but Yuen (1963) has presented evidence which
suggests that such mixed schools are actually separate single-species schools
which have been aggregated together by a common stimulus such as food.

Yellowfin frequently school in association with dolphins, principally the
spotted dolphin, the spinner dolphin, and the common dolphin, Delphinus
delphis. Fish in such schools are generally larger and 1less homogeneous in
size than those in schools which are not associated with dolphins. About 85
percent of the yellowfin captured by fishing on schools not associated with
dolphins are less than 85 om in length (approximately 12 kg), while about 70
percent of the yellowfin taken by fishing on schools associated with dolphins
are greater than 85 cm (Anonymous, 1975b).

Yellowfin also associate with inanimate floating objects such as logs,
dead whales, patches of grass, or other debris. The catch per set of yel-
lowfin and other tunas in co-association with flotsam by purse seiners has
increased in recent years (Greenblatt, 1979), but the reasons for the attrac~
tion of tunas and other fish to floating objects have not been fully substan-
tiated. Several hypotheses have been proposed to explain this association:
(1) fish are attracted to the object to feed on co-associated forage organ-
isms, algae, or decaying matter; (2) fish seek shade under the object; (3) the
cbject provides shelter from predators; (4) the object is used as a substrate
on which fish lay their eggs; and (5) the object functions as a cleaning sta-
tion where pelagic fishes congregate to have their parasites removed by other
fishes, Gooding and Magnuson (1967) and Hunter and Mitchell (1967) examined
these hypotheses., The former investigators concluded that shelter from preda-

tion was probably the most significant drawing force in attracting fish to a
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floating object. The latter investigators, on the other hand, found no evi-
dence to support any of the hypotheses, and suggested the following alterna-
tive mechanisms: (1) fishes associate with floating objects because the
object serves as a schooling companion, and (2) in the case of non-pelagic
species and others wundergoing a change from pelagic to other modes of
existence the object may function as a substitute for a reef or some other
type of substrate.

The schooling behavior of yellowfin which inhabit deeper waters is less
known. Mimura et al. (1963) concluded that yellowfin inhabiting subsurface
layers of the Indian Ocean tend to scatter and do not form schools of high
density.

3.53 Responses to stimuli

The response of yellowfin to stimuli, such as extracts of tuna and other
fish flesh and various chemical compounds, has been documented by Tester et
al. (1954 and 1955). Experiments have also been conducted on the reaction of
yellowfin to 1light (Hsiao, 1952), sound (Miyake, 1952; Iversen, 1967), and
electrical stimuli (Miyake and Steiger, 1967). Dizon (1977) and Dizon et al.
(1978) have examined the swimming behavior of yellowfin with respect to
changes in environmental conditions, such as salinity, oxygen, and tempera-
ture.

4 POPULATION
4.1 Structure
4.11 Sex ratio

The sex ratio of yellowfin exploited from the Pacific Ocean is about 1:1,
or moderately in favor of males, until a length of about 120 to 140 cm is
reached. At lengths above this range the proportion of males greatly exceeds
that of females (Nakamura, 1949; Murphy and Shomura, 1955; Shomura and Murphy,
1955; Schaefer and QOrange, 1956; Orange, 1961; Suda and Schaefer, 1965b;
Kikawa, 1966; Murphy and Shomura, 1972; Lenarz and Zweifel, 1979).

Kikawa (1966) sampled yellowfin from eight areas of the longline fishery
in the western and central Pacific Ocean and found little seasonal variation
in the sex ratio. In the southwestern Pacific area (120-2803, 140°E-18OO), it
appeared to him that, at the time when the percentage of mature fish (gonad
indices >3.1) was high, the percentage of females dropped somewhat; however,

no such relationship was recognized in any of the other areas sampled.
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4,12 Age composition

The estimated age composition of yellowfin captured by Japanese longe
liners in western and central equatorial waters, west of 120°w, during 1955 to
1964 is shown in Table 4, In the western region of the fishery 2~ and 3-
year-olds predominated, while in the central portion 3- and l-year-olds were
the major components of the catch. Comparable age composition estimates have
been made for the western Pacific 1longline fishery for 1968 through 1974
(Honma and Suzuki, 1978). These investigators showed that 2- and 3-year-old
yellowfin continued to support the longline fishery in this region. For the
eastern Pacific longline fishery the age composition was examined by Suda and
Schaefer (1965), Kume and Schaefer (1966), Kume and Joseph (1969), and Shingu
et al. (1974) for 1964 to 1970. These investigators reported that 3- and 4-
year-olds were the principal age groups being exploited by the longline
fishery in that area.

Yellowfin in the eastern Pacific surface fishery are thought to belong to
two groups which are recruited to the fishery at separate times in each year.
The first group (X} enters the fishery during the first half of the year and
the second group (Y) during the second half of the year (Hennemuth, 1961a;
Davidoff, 1963; Anonymous, 1980a). In Figure 3 are shown the estimated
weights of fish of different ages belonging to these two groups caught during
the first and second quarters of 1968 through 1979. It is apparent from the
figure that 2~ and 3~-year-old fish comprised the bulk of the catch for 1968-
1972 and 1975-1977. In 1973, 1974, 1978, and 1979, however, large catches of
1-year-old fish, which came almost totally from the Y group (except in 1978
and 1979), were made. The high catch of 1-year-old fish in 1973 has been
attributed to increased vulnerability of these fish to the fishing gear, while
that in 1974 was apparently a result of a combination of above-average
recruitment and increased vulnerability (Anonymous, 1979a). In the 1979
fishery the 1978 cohort made a significant contribution to the catch as 2~
year-olds, suggesting that this year class was recruited to the fishery in
above-average numbers (Anonymous, 1980a).

The age composition of yellowfin captured by the baitboat and purse-seine
fisheries 1in the western Pacific was estimated by Honma and Suzuki (1978) for
1968 through 1974. They found that the catches from the tropical areas of the
fishery were composed primarily of 1-year-old fish and under. The temperate

purse-seine fishery, on the other hand, exploited principally 2- and 3-year-
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old fish, as did the longline fishery.
4,13 Size composition

In Figure 4 are shown quarterly length composition data of longline-
caught yellowfin for 1466-1972. The data are grouped into three major areas,
northern (100-25°N), middle (1OON~5°S), and southern (50-2508), and 10-degree
longitude intervals for all areas east of 130°E. The data are also combined
for nine major areas as shown in Figure 5. In their analysis of these data
Suzuki et al. (1978) report: "Though there are yesrly variztions in areal
patterns of the length-composition, it can be noted that there is a consistent
tendency for large individuals to become increasingly dominant from west to
east in the three major areas" (Figure 4). "In the northern and southern
areas, large fish are generally more dominant than in the middle area for
areas of the same longitude, except for the areas east of 13OOW" (Figure §5).
They noted that their results confirm the progressive longitudinal change in
length composition of yellowfin caught by longline gear reported by Yabuta et
al. (1958) and Kamimura and Honma (1963). Suzuki et al. (1978) considered the
gradual size increase from west to east to be a consistent phenomenon,
although occasional agppearances of small (80-100 cm) fish in the central and
eastern Pacific, seemingly not mentioned in the earlier studies, were apparent
in some years (areas east of about 160°w, their Appendix Table 1; southern
area east of 120°w, third quarter, Figure 4 of this synopsis).

Two different interpretations of the west-east c¢line observed in longline
length-composition data have been postulated: (1) Yellowfin migrate from the
western Pacific (inshore) to the central Pacific (off'shore) as they grow (Kam-
imura and Honma, 1963); and (2) Since morphometric and other evidence of lack
of rapid migration and mixing of yellowfin along the equator are not available
(Royce, 1964), the <cline 1is attributed to differential selectivity of the
longline gear to the size of the fish in relation to the depth of the thermo-
¢ciine. This interpretion is based on the belief that "all sizes of yellowfin
occur throughout the upper mixed layer and perhaps the upper part of the ther-
mocline, but ... larger fish may be relatively more prevalent nearer the bot~-
tom of the mixed layer and in the upper part of the thermocline® (Suda and
Schaefer, 1965b). Thus, larger fish gradually become more available to long-
line gear fished at a constant depth from the western Pacific to the eastern
Pacific as the upper mixed layer becomes thinner in an eastward direction.

Suzuki et al. (1978) appraised these two interpretations and hypothesized
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that both are plasusible, but 1in respect to different areas. That is, the
cline evident in the central and western Pacific 1s perhaps an artifact caused
by differential size selectivity in relation tc the thermocline topography as
proposed by Suda and Schaefer, while the western Pacific <c¢line 1is Dbetter
explainea by Kamimura and Honma's theory of size-specifiic movement of yel-
lowfin from coastal to offshore areas,

The average weights of yellowfin from the longline catches made in the
nine major areas investigated by Suzuki et al. (1Y78) are also shown in Figure
5.

The length-frequency distribution of yellowfin captured by the eastern
Pacific surtace fishery within the Inter-American Tropical Tuna Commission's
Yellowfin Regulatory Area (CYRA) (Figure 16) for 1969-1879 are shown in Figure
6. For all the years except 1974, 1978, and 1979 the average weight of yel-
lowfin in the CYKA ranged from a low of 27.7 pounds (12.6 kg) inm 1971 to =&
high of 37.8 pounds (16.7 kg) in 1972. During 1974, 1978, and 1979, however,
the average weight dropped sharply, owing to the large catches of small yel-
lowfin of the entering year class. In 1973 large numbers of small fish in the
60-cm size group were also captured, but the average weight did not drop as
much &s it did during 1974, 1978, and 14979 because greater numbers of older,
larger individuals, which were recruited during previous years, were also
caught .

The yellowfin captured between the CYRA boundary and 150°W longitude
(Figure 7) are much larger, on the average, than those taken within the CYRA.
The average weight of yellowfin caught outside the CYRA was more than double
that of yellowfin caught in the CYRA for all years except 1969, 1974, and
1977. There is & tendency for the proportion of larger individuals to
increase in the catches as they are made from inshore areas to offshore areas
in the CYKA and, to & lesser extent, outside the CYRA (Anonymous, 1974Db;
Suzuki et al., 1978). Since available tagging data indicate little oftshore
movement of small yellowfin as they grow older, this longitudinal gradient in
length-frequency 1is possibly a reflection of size selectivity in the purse-
seine fishery (Suzuki et al., 1978; Bayliff, 1979).

Chatwin (1959) calculated the length-weight relationship of yellowfin
from the eastern Pacific Ocean. He determined that the equation Y = (3.8%4 x
1078)%3+920  here Y is the weight in pounds and X is the length in millime-

ters, adequately described this relationship in all of the areas he sampled.
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4,14 Subpopulations

Most of the inferences about the subpopulation structure of the yellowfin
inhabiting the Pacific Ocean have come from indirect sources such as mor-
phometric comparisons {(Godsil, 1948; Godsil and Greenhood, 1451; Schaefer,
1952 and 1955; Royce, 1953 and 1964; Kurogane and Hiyama, 1957b; Broadhead,
1959, Yang, 1971), length-frequency and catch-and-effort analyses (Yabuta et
al., 1658; Kamimura and Honma, 1963), tagging experiments (Section 3.51),
spawning studies (Section 3.16), and other studies dealing with aspects of the
life history of yellowfin, A considerable amount of genetic research has been
carried out in an attempt to develop a direct method to discriminate yellowfin
subpopulations (Suzuki, 1962b; Barrett and Tsuyuki, 1967; Sprague, 1967,
Fujino and Kang, 19684 and 196&6b; Fujino, 1970; Anonymous, 1971a, 1972a, 1973,
1974b, 19Y5b, 1976b, 1977b, 1978a, 1979z, and 1980a). Some of these studies
have produced inferences contradictory to those obtained from the indirect
sources; however, due to sampling difficuities, limited geographical coverage,
and the need for further systematic follow-up investigations they are still
considered to be preliminary in nature (Suzuki et al., 1978; Anonymous,
1960a). Thus, determination of the existence, or non-existence, of subpopula-
tions ot Pacific yellowfin 1s yet to be made.

On the basis of the available inairect data, nevertheless, the following
conclusions were reached by the most recent comprehensive investigation on the
subject (Suzuki et al., 1978):

1) Although no definite geographical break in the continuity of yel-
lowfin distribution across the Pacific is indicated, the extent of migration
appears to be insufficient for there to be much intermingling among yellowfin
of the eastern and central Pacific and probably of the western and central
Pacific as well.

2) Three stocks, which are more or less independent, are envisioned: a
western Pacific stock, which inhabits the area between about 120°E and 17o°w;
an eastern Pacific stock, inhabiting the area bounded more or less by the CYRA
(Figure 16); and a central Pacific stock, inhabiting the area between the
western and eastern Pacific stocks. (Suzuki et al. defined stock to mean "an
exploitabie subset of the population existing in @ particular area and having
some uniqueness relative to exploitation.")

3) The three stocks may well be composed of subpopulations which will

have to be discriminated by more direct methods. Should the existence of
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subpopulations be established, however, it is possible that even direct
genetic studies will not demarcate their spatiotemporal boundaries.

4,2 Abundance and density

The relative abundance of yellowfin is measured in terms of the catch per
unit of fishing effort (CPUE). The CPUE in the Japanese longline fishery is
generally expressed as numbers of fish caught per day per 100 hooks set. In
the eastern Pacific surface fishery the CPUE is normally expressed as the
weight of fish caught per standard day's fishing (CPSDF). In this fishery the
overall purse-seine effort is standardized to the fishing power of a Class~3
purse seiner (101-200 short tons capacity) by the method of Shimada and
Schaefer (1956). The CPUE data from both fisheries are usually stratified on
the basis of time and area to provide indices of the relative abundance and/or
density for the various strata.

The distribution ot the monthly average longline catch rates shown in
Figure 8 1indicates that the equatorial western Pacific, which was the major
longline fishing ground for yellowfin in the early 1960's (Rothschild and
Uchida, 1968), continues to be the area of greatest relative abundance of yel-
lowfin. However, the relative abundance of yellowfin in this region, as well
as on the fishing grounds to the east which were exploited in later years, has
declined as & result of increased fishing effort (Honma et al., 1971; Suda,
1971; Suzuki et al., 1978). Honma (1974), as cited by Suzuki et al. (1978),
has shown that a two-fold increase in longline fishing effort from the early
1960's to the early 1970's has resulted in only moderate increases, or in some
years decreases, in the catch of yellowfin.

The values of the CPSDF for yellowfin in the CYRA (Figure 16) for 1960 to
1479 are shown in Figure 9. For the years since 1966, when regulations were
first put into effect, only data obtained from the logbooks of vessels making
unregulated fishing trips were used to compute the CPSDF. Since 1962 the
CP3SDF has been adjusted for changes in portions of sets which were successful
to adjust for changes in gear efficiency. The relative abundance of yellowfin
was highest in 1960. Increased fishing effort resulted in a decline in s&bun-
dance starting in mid-1661, and the annual CPSDF continued to be low through
1965, although there was a slight increase in 1964. 1In 1966 and 1467, due to
the expansion of the fishery offshore, the CPSDF climbed and the annual CPSDF
remained level at about 6 tons from 1968 through 1970. In 1971, when skipjack

were abundant and a considerable portion of the effort was directed toward
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that species, a decline in CPSDF was registered. 1n the following year, 1972,
the CPSDF rose to the 1968-1970 level, but since then the relative abundance
of ‘yellowt'in has been declining almost steadily.
4.3 Natality and recruitment
4,31 Reproduction rates
Assuming an instantaneous survival rate for adults of approximately e'o'8
(45 percent) on an annual basis, Sharp and Francis (1976) calculated that 6.67
X 107 postlarval yellowfin would need to survive annually to maintain at
equilibrium a hypothetical unexploited yellowfin population in the CYRA (Fig-
ure 16) consisting of individuals from 40 to 140 em fork length and a biomass
of 600,000 metric tons. They estimated that approximately 9.13 X 104 postlar-
val yellowfin entered the system each day, which is the equivalent of nearly
1-percent reproductive success of either one 155-cm female or five 87-cm
females. Estimating that 7 x 106 reproductive females were present in this
unexploited population, and using the fecundity estimate of Joseph (1663},
Sharp and Francis (1976) proposed that 1.79 x 1013 eggs were produced annu-
ally.
4,32 Factors affecting reproduction
Because of thermal and energetic requirements, yellowfin between larval
and juvenile stages are likely to be narrowly distributed in the water column.
Their relative immobility makes the survival of larval yellowfin extremely
dependent on the availability of food resources (Sharp and Francis, 1976).
4,33 Recruitment
According to Suzuki et al. (1978), in the western equatorial Pacific
(130%E-180°) during 1966 to 1972 yellowfin began to be recruited to the long-
line fishery at around 80 em in length and were substantially recruited &t
about 110 em. In the central equatorial Pacific (1800-1QOOW) fishery, on the
other hand, yellowfin were not substantially recruited until about 125 cm was
reached (Figure 4). Honma et al. (1Y71) examined data for an earlier series
of years (1955 to 1964) and, similarly, showed that yellowfin were recruited
to the western equatorial Pacific fishery at age 2 and to the central equa-
torial Pacific fishery at age 3. Suda and Schaefer (1§65b) reported that dur-
ing 1958-1962 most of the recruitment of yellowfin to the longline fishery in
the eastern Pacific consisted of fish between 110 and 130 cm. In a 1later
study, Shingu et al. (1974) determined that most of the recruitment to this
fishery consisted of fish between 90 and 120 cm.
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Recruitment of yellowfin to the western equatorial Pacific surface
fisheries occurs during the first year of life at lengths between 40 and 50 cm
(Kikawa and Warashina, 1972; Honma and Suzuki, 1978). The size at recruitment
of yellowfin to the eastern Pacific surface fishery changed during the course
of the development of the fishery. During the early years, when baitboats were
the principal gear and fishing was basically confined to inshore waters, pri-
marily small yellowfin were recruited. Then, with the transfer from baitboat
to purse-seine gear and the expansion of the fishery to offshore areas of the
CYRA (Figure 16) with concomitant catches of yellowfin associated with dol-
phins, much larger yellowfin began to be recruited. This has led to a wide
range in recruitment sizes (from less than 40 to 80 ecm). It is pertinent to
note, however, that for some recent years (1973, 1974, 19786, and 1979) mostly
small fish have been recruited (Figure 6). Since 1973, the amount of recruit-
ment of yellowfin to this fishery has apparently become more variable
(Anonymous, 1979a and 1480a).

4.4 Mortality and morbidity

Various estimates of the natural mortality rate of Pacific yellowfin are
provided in Table 5.

Hennemuth (1961b) analyzed length-frequency data to obtain an estimate of
1.72 for the total annual instantaneous mortality rate of yellowfin in the
eastern Pacific for 1654-1G59, Using the coefficient of catchability
estimated by Schaefer (1957) and the available estimate of fishing effort, he
estimated an annual instantaneous fishing mortality rate of 0.95 and an annual
instantaneous natural mortality rate of 0.77 with 95-percent confidence limits
of 0.64 to 0.90. Hennemuth regarded 0U.80 as the most probable value of the
natural mortality rate and 0.60 and 1.00 as the "extreme possible" values.
Schaet'er (1967), however, considered the lowest and highest probable values to
be 0.55 and 1.05, respectively. Murphy and Sakagawa (1977) evaluated the pub-
lished estimates of natural mortality rates and concluded that the values
around 0.80 were the "best" estimates. Francis (1977), however, on the basis
of computer simulation modeling of the dynamics of the eastern Pacific surface
fishery, suggested that the estimate of 0.80 as the natural mortality rate was
toco high. He employed this estimate and Hennemuth's (1961b) lowest value of
the natural mortality rate (0.60) as input parameters to modified versions of
a computer simulation model developed earlier (Francis, 1974) and found that

the lower estimate of the natural mortality rate was a better parameter in
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validating versions otf the model which best mimicked the fishery.

Honma et al. (1971), as cited by Suda (1971), employed an annual instan-
taneous natural mortality rate of 0.8 to estimate the annual instantaneous
fishing mortality rate of yellowfin exploited by longline gear in the central
and western Pacific during 1963 and 1964, They estimated the annual instan-~
tanecus fishing mortality rates for those years to be 1.6 and 1.2, respec-
tively.

Estimates on the annual instantaneous rates of total and fishing mortal-
ity of yellowfin for several years in the eastern Pacific on the basis of tag
recovery data were made by Fink (1965) and Bayliff (1971 and 1974).

4.5 Dynamics of the population

Much of the work which is currently being done on the population dynamics
of tunas was pioneered by the Inter-American Tropical Tuna Commission. The
results of these investigations are applicable to studies of exploited popula-
tions of many other animals, and hence have attracted world-wide attention
among specialists in this field, including many working with animals other
than fish., Two general types of models have been employed, production models
and age-structured models.

Schaefer (1954 and 1957) developed the logistic model, & special type of
production model, wusing catch, effort, and catch-per-unit-of-effort (CPUE)
data for yellowfin for 1934-1955. The effort was standardized to Class-i
baitboat units {vessels of 201 to 300 short tons capacity). He assumed that
the equilibrium relationship between CPUE and effort is linear, i. e. C/f = a
+ bf, where C = catch and f = effort. Accordingly, the equilibrium relation-
ship between catch and effort would be parabolic, i. e. C = af + bfz. From
the data available at that time he estimated that the annual average maximum
sustained yield (4MSY) of yellowfin in the eastern Pacific was about 95 to 100
thousand short tons (86 to 91 thousand metric tons), and that this could be
taken with an effort of about 35 thousand standard days of fishing (Figure
12).

During 1959 and 1960 most of the vessels of the eastern Pacific tuna
fleet were converted from baitboats to purse seiners, making it impossible to
continue Schaefer's series of baitboat data. Broadhead (1962), however, de-
vised a methed for converting purse-seine effort in Class-3 days (vessels of
101 to 200 short tons capacity) to Class-4 baitboat units, and for several

years thereafter converted purse-seine effort data were used with those for
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baitboat effort to estimate the parameters of the model. Eventually, however,
when data for enough years during which purse-seine fishing predominated had
accumulated, the data for the baitboat era were dropped, and the parameters
were estimated only from data for the purse-seine era.

During the mid-1960's the fishery expanded much further offshore, and
annual catches in excess of 100 thousand short tons were taken. It was obvi-
ous that the AMSY for the expanded area was greater than that for the area in
which fishing took place during the years studied by Schaefer. Accordingly,
to estimate the AMSY for the expanded area as quickly as possible, an "experi-
mental overfishing program" was initiated in 1969. The object of this program
Was to catch amounts of fish somewhat in excess of the current estimate of the
AMSY each year until a revised estimate of the AMSY which was thought to be
nearly correct was obtained. As a safeguard, however, it was specified that
fishing would be curtailed immediately if the CPUE dropped to 3 short tons
(2.7 metric tons) per standard day (Class-3 purse-seine) of fishing. This
program is still in effect. The current estimate of the AMSY for the CYRA
(Figure 16) is about 175 thousand short tons (159 thousand metric tons) (Fig-
ure 13) {(Anonymous, 1980a).

Pella and Tomlinson (1969) developed a more general production model 1in
which the equilibrium relationship between CPUE and effort is not necessarily

1/(m - 1)

linear, i, e. C/f = (a + bf) ., and that between catch and effort is

not necessarily parabolic, i. e. C = (ar™ ~ 1. bfm)lf(m -0,

If m is less
than 2 the dome-shaped curve analogous to the parabola of Schaefer 1is skewed
to the right, whereas if m is greater than 2 it is skewed to the left. This
model has not been used in recent years because there is no evidence from the
data available that the relationship between CPUE and effort is nonlinear.
Hennemuth (1961b) first applied the yield-per-recruit model of Beverton
and Holt (1957), a type of age-structured model, to data for yellowfin. Using
estimates of the parameters of growth and natural mortality obtained from
other studies, he produced isopleths of yield per recruit obtainable with
various combinations of fishing mortality and age at recruitment into the
fishery (Figure 14). Hennemuth's results indicated that the yield per recruit
could be increased if the age at entry were increased. Purse seiners, on the
average, catch larger fish than do baitboats, so, if the recruitment has
remained the same, the current catches should exceed those made during the
baitboat era. Such has been the case, but the relative contributions of
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of fshore expansion of the fishery and increased age of vrecruitment to the
increased catches of vrecent years are not known. The yield-per-recruit
approach is still employed by the Tuna Commission (Anonymous, 1980a), but the
rigid model of Beverton and Holt has now been discarded in favor of the flexi-
ble model of Kicker (1958 and 1975) (Figure 15).

Schaefer (1967) compared the results obtained with the Jlogistic and
yield~per-recruit models, and found that they complimented one another. This
approach is still employed by the staff of the Tuna Commission (Anonymous,
1980a) .

The dynamics of the yellowfin stock exploited by the Japanese longline
fishery in the Pacific Ocean have been investigated by Kamimura (1965), Honma
et al. (1971), and Honma (1974). The last investigator indicated that the
AM3Y of the stock available to this fishery is about 60,000 metric tons,

4.6 The population in the community and the ecosystem

Yellowfin are nektonic apex predators, and are members of the oceanic
community during their entire life span. They are essentially confined to the
upper 100 meters or so of the ocean (Sharp, 1976), feeding on smaller fish,
cephalopods, and crustaceans. They are in turn preyed upon by larger tunas,
sharks, spearfishes, and probably small whales.

Yellowt'in frequently associate with dolphins of the genera Stenella and
Delphinus, The association of these two distinct animals is quite strong, a
fact which has enabled purse-seine fishermen to capture large yellowfin that
are normally found below the surface (Perrin, 1968 and 1969). The reasons for
this association are unknown. Perrin et al. (1973) analyzed the stomach con-

tents of yellowfin and two dolphin species (Stenella attenuata and S. lon-

girostris) captured in the same purse-seine sets, and determined that although
the animals' diets overlap to a large degree, they do not necessarily consume
the same food items at similar times and depths. If the dolphin~tuna rela-
tionship 1is food based, they reasoned that ommastrephid squids would be the
principal binding force, since these cephalopods were found to be the most
important overlapping forage organism. Other hypotheses formulated to explain
this association are that dolphins shelter the yellowfin from predation by
sharks, or that yellowfin school under pods of dolphins as an aid to orient
themselves spatially in the optical void common to their enviroment (Perrin,

1968, in reference to the research of Hunter and Mitchell, 1967).
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5 EXPLOITATION

5.1 Fishing equipment

Yellowfin schooling at the surface are exploited primarily by purse-seine
and pole~and-line fishing. Trolling, gillnetting , and surface handlining are
also employed, but catches of yellowfin by these gears are minimal. The sub-
surface fishery for yellowfin is carried out almost exclusively by the use of
longlines.,

The purse-seining method of catching tuna is accomplished by (1) encir-
cling a school with the net, (2) closing up the bottom of the net underneath
the school, (3) hauling aboard the net until the catch is confined in a small
area, and (4) transferring the catch into the vessel with a brailer. In the
eastern Pacific purse seining for tropical tunas was carried out with marginal
success until the late 1950's when improved brine refrigeration methods
{Orange and Broadhead, 195%9), the Puretic power block (Schmidt, 1959), and
all-nylon nets (Anonymous, 1959) were introduced. These technological
advances made it possible for purse-seine fishermen to make longer trips,
catch more fish, complete sets in less time, and spend less time replacing and
repairing their nets. As a consequence there followed a rapid conversion of
most of the larger vessels of the predominantly baitboat fleet to purse-seine
gear (McNeely, 1961; Green, Perrin, and Petrich, 1971). In 1962, the year
following the near completion of this mass conversion, the eastern Pacific
surface fleet numbered 119 purse-seiners, 90 baitboats, and 26 other vessels,
with a combined carrying capacity of 40,638 short tons (36,891 metric tons)
(Calkins and Chatwin, 1971). Most of the fleet at that time operated under
the U, S, flag. By comparison, the 1979 surface fleet consisted of 259
purse-seiners, 45 baitboats, and 17 other vessels, from a total of 16 nations.
The carrying capacity of this fleet amounted to 186,329 short tons (169,149
metric tons) (Anonymous, 1980a).

McNeely (1961) has described the typical tuna purse seine in use during
the early 1960's. Some improvements have been made since then (Ben-Yami and
Green, 1968; Petrich, 1968; Green, Jurkovich, and Perrin, 1971; Green, Perrin,
and Petrich, 1971). The most significant change in the net has been its size.
The typical purse seine employed by a modern seiner today may measure as much
as 700 to 800 fathoms (1,280 to 1,460 m) long by 12 to 14 strips deep (one
strip is approximately 6 fathoms (11 m) in depth), as compared to the 425~
fathom (780~ m) by 7-8trip net described by McNeely (1961)., The capacity of
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the vessels using this size of net may range from about 1,000 to 1,800 metric
tons. Descriptions of a modern purse-seiner and the equipment and gear it
carries are provided by De Fever (1968} and Green, Perrin, and Petrich (1971).

Purse seines are also fished in the western Pacific, and catch yellowfin
incidental to skipjack and bluefin. The Japanese purse-seine fishery in the
western Pacific is conducted with both single and double boats, although the
latter have declined in number in recent years. A brief description of the
vessels and nets used in these operations is given by Anonymous (1965a) and
Tomiyama (1975). The double~boat seiners range in size from about 30 to 200
gross metric tons, while the single~boat seiners range from 50 to nearly 1,000
gross metric tons (Honma and Suzuki, 1978).

Pole-and-line fishing for tropical tunas has become less important in the
eastern Pacific; however, it continues to be an important fishing method in
use in the central and western Pacific fisheries., Skipjack is the principal
species exploited 1in these fisheries, but yellowfin constitute a part of the
incidental catch, Pole-and-line fishing utilizes bait which is maintained
alive 1in tanks aboard the vessel. When a school of tuna is sighted the live
bait is thrown overboard to attract the tuna, which are then captured with
fishing poles and lines with barbless hooks or jigs. The gear used in the
pole-and-line fishing method, as described by Godsil (1938), Cleaver and Shi-
mada (1950), Shimada and Schaefer (1956), Muramatsu (1960), Takayama (1963),
and Yoshida (1966b), has not changed much over the years. The Japanese bait-
boats in the western Pacific range from coastal vessels of 10 gross metric
tons or less to vessels greater than 200 gross metric tons (Ishida, 1975).
The size range of the eastern Pacific baitboat fleet in 1960 (the year
preceeding the near completion of conversions of baitboats to purse-seine
vessels) was 10 to 732 gross metric tons; the 1980 baitboat fleet size range
is currently 39 to 467 gross metric tons (Orange, 1980).

The longline is the major gear used by fishermen of Japan, the Republic
of China, and the Republic of Korea to catch deep-swimming tunas in the
Pacific Ocean. The gear is made up of units called "baskets," which consist
of a main horizontal line buoyed at the surface between two floats. From this
main line are suspended four to six branch lines, each of which terminates in
a "sekiyama" (a 1line consisting of a center core of either linen, hemp, or
steel wire with an outer wrapping of cotton or synthetic thread), a wire
leader, and a hook (June, 1950; Shapiro, 1950; Shimada, 1951b; Anonymous,

100




1965a), Mann (1955 and 1957) reported on improvements made on the conven-
tional longline, and Saito (1973) has described an experimental longline
designed to fish twice as deep. A typical longliner set is composed of 400
baskets connected together, carrying a total of 2,000 hooks, and if stretched
out this line would have a total length of 120 kilometers (Rothschild and
Uchida, 1968). The Japanese longline fleet consists of vessels ranging in
size from 70 to 1,300 gross metric tons (Anonymous, 1965a). Descriptions of
the layout of a typical Japanese longliner are provided by Kanasashi (1960)
and Yoshida (1966b). Most vessels of the Republic of China's fleet range in
size from 100 to 200 gross metric tons (Yang, 1979). No data are available on
the size of vessels operated by the Korean fleet,

5.2 and 5.3 Fishing areas and seasons

The distribution of yellowfin captured by the Japanese longline fishery
is well documented. Although this fishery exploits yellowfin through virtu-
ally the entire extent of its range, the equatorial waters of the Pacific pro-
duce the 1largest catches (Figure 8). In an analysis of the distribution of
yellowfin caught by the Japanese longline fishery, Suzuki et al. (1978) have
delineated three major fishing grounds based on the catch rates {(number of
yellowfin caught per 100 hooks) for 1967 through 1975. The first fishing
ground is the west central equatorial region, which is defined as the area
between about 5°N and 10°S and west of 140°W., The width of this ground nar-
rows to the area between 5°N and SOS, however, east of 180°. The second long-

o
and

line ground is the northeastern region, defined as the area between 5
10°N and east of 140°W. The third fishing ground, in the southeastern sector
of the fishery, is the area east of 140 lying close to the equator in its
western part and extending diagonally southeast to as far south as 20°s in its
easternmost part. The longline fleets from the Republics of China and *Korea
operate chiefly south of the equator, concentrating on more temperate tunas
such as albacore and southern bluefin (Bour and Galenon, 1979; Yang, 1979).

In Figure 8 is shown the distribution of the average catch rate of yel-
lowfin by month and 1-degree area. On the basis of this figure Suzuki et al.
(1978) describe the seasonal changes in catch rates for the three major long-
line fishing grounds as follows:

1) West central equatorial region

"There are few seasonal changes in the distribution of <catch rates in

this region, except that rates between 170°E and 140°W decrease from about
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August to December. Moderately high catch rates extend from the western part
of this region up along the Kuroshio Current and curving down along the East
Australian Current in accordance with the seasonal strength of these currents,
although local patches of high catch rates off Sydney, Australia, seem to per-
sist nearly all year."

2) Northeastern region

"There are two zonal areas of high catch rates in this region. The
western area, located between 130°W and 140°W, had high rates from April to
July. On the other hand, the eastern area, which appears along 10°N  and
between 85% and 11o°w, had high rates during December-June; however, the
effort in this area was sparse during the other months.®

3) Southeastern region

"The area with the highest rates is found in the eastern part of this
region between about 85°W and 95°W. The area of high catch rates seems to
shift its position southward from July to October.™

Honma and Suzuki (1978) reviewed the Japanese purse-seine fishery for
tunas in the western Pacific, and showed that this fishery operates in two
geographically distinct fishing grounds. These grounds are the temperate
fishing ground, which is concentrated mainly off the coast of Japan, and the
tropical fishing ground, which is concentrated in the region of the Caroline
Islands south to Papua New Guinea. This fishery exploits, in order of impor-
tance, skipjack, yellowfin, bluefin, albacore, and bigeye. 1In Figure 10 are
shown the average catches per set of yellowfin in the western Pacific fishing
grounds by month and 1-degree area for 1968 to 1974, As indicated by this
figure, yellowfin are exploited primarily in the temperate fishing grounds
from May to September and in the tropical grounds from October to March.

For the eastern Pacific purse-seine fishery a definitive evaluation of
the geographical distribution of yellowfin tuna catches and seasonal varia-
tions in catch within fishing areas is difficult. This is due primarily to
fishing regulations in effect since 1966 which have prevented most tuna
vessels from fishing for yellowfin within the CYRA (Figure 16) during the
latter half (approximately) of the year. Upon closure of the fishery the cap-
tains of the vessels which are subject to regulation who wish to fish for yel-
lowfin in the Pacific Ocean may do so only outside the CYRA. The geographical
distribution of the yellowfin catches by quarter from unregulated and regu-

lated trips for 1963-1974 is given by Calkins and Chatwin (1967 and 1971) and
102

.
H




Calkins (1975). Suzuki et al. (1978) have analyzed the data for wunregulated
trips for 1965 to 1973 (Figure 11), and report the following on the distribu-
tion of yellowfin catch by purse seiners:

"The seiner fishing grounds in the first quarter covered almost the
entire CYRA north of the eguator. (Recently, however, yellowfin fishing has
expanded into areas as far south as 109S.) Good catches were made off central
and southern Mexico, off Costa Rica and in the vicinity of the Gulf of Guaya-
quil. During the years covered in this study (1965~1973) the yellowfin catch
by seiners in the Panama Bight was poor except in 1973,

"In the second quarter good fishing areas within the CYRA were roughly
the same as in the first quarter, except that they expanded north off the
coast of southern Baja California,

"Since 1967, due to regulations the third quarter catch has come mainly
from outside the CYRA. Most fishing in this area occurs along 10°N as far
west as 145°W. Inside the CYRA, yellowfin seem to be captured off southern
Baja California and off southern Mexico, although almost no third quarter data
were available except for 1965,

"The catch from outside the CYRA along 10°N in the fourth quarter appears
to be slightly lower than that of the third quarter. Good catches are also
reported from the areas along 5°N just outside the CYRA and along 3°N  (north-
ern boundary of one of the experimental areas which was opened in 1973 (IATTC,
1974) [z Anonymous, 1974bl). Within the CYRA fishing seems to occur along
10°N from the coastal area to farther offshore.

"Throughout the years of this study there has been virtually no fishing
effort immediately to the east of the CYRA boundary. Therefore, very little
can be inferred about whether yellowfin tuna are accessible to surface
fisheries in this area., There are no apparent environmental barriers to the
capture of yellowfin here."

5.4 Fishing operations and results

5.41 Effort and intensity
Information on this subject is given in Sections 4.2 and 4.5.
5.42 Selectivity
Information on this subject is given in Section 4.13.
5.43 Catches
The annual catches of yellowfin in the entire Pacific Ocean by the major

longlining countries and by the surface fisheries in the western and eastern
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Pacific are shown in Table 6. The data were obtained from Honma (1971),
Anonymous (1974e, 1975f, 1975g, 1976e, 1977e, and 1980a), Honma and Suzuki
(1978), Suzuki et al. (1978), Yang (1979), and Orange (1980). Except for
1966, the yellowfin catch by the Japanese longline fleet has been declining
since 1961; catches by longline vessels from the Republic of China have been

decreasing since 1972,

6 PROTECTION AND MANAGEMENT

Research concerning stock assessment of yellowfin in the eastern Pacific
is carried out by the Inter-American Tropical Tuna Commission (IATTC) (Joseph,
1970 and 1973b; Bayliff, 1975). The IATTC staff makes recommendations for the
scientific management of this species to the member governments, and these are
discussed by representatives of those governments and other governments whose
flag vessels participate in the fishery. For each year of the 1966-1979
period resolutions calling for regulations governing the fishery for yellowfin
in the eastern Pacific were adopted. These resolutions are printed in the
IATTC's annual reports and summarized in Table 7. The resolutions consist,
essentially, of an overall catch quota, to be taken on a first-come-first-
served basis, for yellowfin in the Commission's Yellowfin Regulatory Area
(CYRA) (Figure 16) and special allocations, primarily for small vessels and
vessels of developing nations. The special allocations provided for in the
resolutions, however, were not recommended by the IATTC staff because involve-
ment in these questions is outside its province. Also, in some cases the quo-
tas adopted in the resolutions were slightly higher than those recommended by
the IATTC staff. Commencing in 1973, various experimental areas inside the
CYRA were opened to unregulated fishing on a yearly basis. The boundaries of
these areas are shown in Figure 16,

The IATTC is presently carrying out a program started in 1969 to deter-
mine empirically the average maximum sustainable yield by setting the catch
quota each year at a level higher than the theoretical maximum estimated by
present knowledge (Section 4.5). After establishing the quota for a given
year, the catch is closely monitored, and if it appears that the stock will

not be damaged, the quota may be increased by one or more increments; other-
wise, the fishery inside the CYRA is closed to unrestricted yellowfin fishing
when it appears that the quota will be reached by the end of the year (see
below). However, regardless of whether or not it appears that the quota will

be reached, if the catch per standard day's fishing falls below 3 short tons
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(2.7 metric tons) at any time during the year, unrestricted fishing for yel-
lowfin in the CYRA 1is to be curtailed immediately so as to safeguard the
resource,

Because the fishery in the CYRA operates also on species other than yel-
lowfin, a specified allowance is made for the incidental catch of yellowfin by
vessels subject to regulation whose captains choose to fish in the CYRA.

The closure date of the fishery in the CYRA is established at the time
when the quantity of yellowfin already caught, plus the expected catch of yel-
lowfin by vessels which are at sea on unrestricted fishing ¢trips and by
vessels expected to depart on unrestricted trips within the grace period
(Table 7) reaches the yearly established quota, less the portion reserved for
the incidental catch of yellowfin and any special allocations granted during
the year.

Thus far, no regulatory measures have been implemented for fisheries for
yellowfin in other areas of the Pacific Ocean. Suda (1973b) has examined some
of the possible problems that might be encountered should a <c¢atch quota or
limited entry system be established as a means to regulate the longline
fishery.

7 CULTURE

The results of experiments carried out on the rearing of yellowfin larvae
were summarized by Ueyanagi et al. (1973) and Ueyanagi (1978). Inoue (1973)
reviewed the studies investigating the possibilites of artificial propagation
of tropical Pacific tunas and noted: (1) preservation of tuna sperm via quick
freezing techniques appears feasible; (2) artificial fertilization of tuna
eggs can be accomplished easily; and (3) food sources for tuna larvae can be
mass produced. He proposed that a pilot propagation farm be established on a
trepical island in the Pacific having a natural lagoon, Tuna larvae, hatched
from eggs removed from captured females and artificially fertilized by thawed
viable sperm, would be raised in the lagoon until the resulting Jjuveniles
reached a length of 25 cm or more, at which time they would be released into
the open sea. Citing investigators who have shown that predators of yellowfin

do not generally prey on fish larger than 25 oam, Inoue (1973) reasoned that
allowing the young tunas to reach this size before releasing them would

increase their chances of survival.
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FIGURE 1. Quarterly density distributions of larval yellowfin sampled by surface
horizontal tows (from Suzuki et al.,, 1978). Solid and open circles denote the
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tows, respectively. N indicates the number of nominsl tows and the numerals
represent areas (shown surrounded by heavy lines) for examining seasonal changes of
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FIGURE 9. Catch per standard day's fishing in Class-3 purse-seine units in the CYRA (Figure 16) during 1960 through 1979
(from Anonymous, 1980a). Only the data from unregulated trips were used. The data for 1979 are preliminary.
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FIGURE 10. Monthly distributions of average CPUE (catch in tons/number of sets) of
yellowfin exploited by Japanese purse seiners in the western Pacific during 1968-
1974 combined in the tropical fishing grounds (south of 25°N) and 1971-1974

combined in the coastal fishing grounds (north of 25°N) (from Homna and Suzuki,
1978).
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FIGURE .12. Equilibrium relationship between yellowfin catch and effort in the exploited
portion of the eastern Pacific Ocean during the baitboat era (from Schaefer, 1957).
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FISHING MORTALITY (INSTANTANEOUS) RATE

FIGURE 14. Yield per reecruit, in pounds, for yellowfin in the eastern Pacific Ocean,

assuming an annual instantaneous rate of natural mortality of 0.8 (from Hennemuth,
1961b).
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FIGURE 16. The Inter-American Tropical Tuna Commission's Yellowfin Regulatory Area
(CYRA) and experimental areas (from Anonymous, 1980a).
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TABLE 1.

Spawning seasons of yellowfin in the

Pacific Ocean.

General ocean
region

Approximate months
spawning occurs

Investigators

W estern Pacific

North of 10°N to
southern coast of
Japan and 120°-
170°E

10°N-15°S and
120°E-180°

Northeast coast of
Australa and 10°-
30°s to 180°

Central Pacific

Hawaiian Islands

10°N-10°S and
180°-120°w

15°~25°S and
150°-130°w

Eastern Pacific

Revillagigedo Is.,
coast of Mexico,
and Central America
near shore

0°-10°N and
130°-90°w

0°-10°S and
130°-90°w

April-July

year-round; peak
months July-Nov.

Octe~March; peak
months Nov.~Feb.

May-Sept.; peak
months June—Aug.

year-round; peak

months March-Sept.

Dec+~March

year-round; each
area with different
peak months

year-round; greatest
activity during
first half of year

principally Jan.~June

Kikawa, 1962; Matsumoto, 1966;
Mord, 1970; Suzuki et al., 1978

Wade, 1950a; Shimada, 1951;
Kikawa, 1959

Kikawa, 1959 and 1962; Legand,
1960; Suzuk et al., 1978

June, 1953; Matsumoto, 1966

Yuen and June, 1957;
Matsumoto, 1966; Suzuki
et al., 1978

Kikawa, 1959

Orange, 1961; Klawe, 1963;
Knudsen, 1977

Shingu et al., 1974; Knudsen,
1977

Shingu et al., 1974
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TABLE 2. Major food components (compromiging greater than 2 percent of the
volume in each food study) of the diet of yellowfin in the central and eastern
Pacific. The references are as follows: 1, Reintjes and King, 1953; 2, King
and Tkehara, 1956; 3, Blunt, 1960; 4, Alverson, 1963; 5, Anonymous, 1979%a. ;

Central Eastern Pacific
Pacific Coastal Offshore

References 1 2 3 4 5

Food organism Percentage of total volume

Fish
Gonostomatidae
Vinciquerria lucetia 3
Exocoetidae 3 4 6
Carangidae
Decapterus sp. 8
Bramidae 3 11
Gempylidae 6
Scombridae 14 ;
Katsuwonus pelamis 5 :
Auxis sp. 26
Euthynnus lineatus :
Nomeidae 18 :
Ostraciidae :
Tetradontidae
Echeneidae 3
Molidae 11

55

L O

G 4~

Cephalopoda 28 35 13 8 6

Crustacea
Portunidae 50 9
Galatheidae 34
Unidentified 18
crab megalops
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TABLE 3.

Suzuki, 1971). The estimates of K and tg are in years.

Estimates of parameters of the von Bertalanffy growth equation for yellowfin tuna in the Pacific Ocean (from

Range of

Growth
Author Fishing Method Years for Sample body Fishing parameters
gear sampling size length ground
(cm)
4 1o tg
Aikawa and - reading of - 6 - - - - -
Kato (1938) centra
Nose et al. mainly scale 1952-1953 300 100-140  Pacific (40°N~10°S) - - -
(1957) Jongline reading
Yabuta et al. longline * 1956~1959 1,000 70-140  Pacific (40°N-30°s, 0.33 190 0
(1960) west of 1809)
Tan et al. " reading of  1962-1963 170 - Pacific (0°-10°N, - - -
(1965) centra 1559-175°E)
Yang et al. " scale 1965 200 60~140  Pacific (3°9-33°N, 0.36 195 0.27
(1969) reading 113°-170°E)
Kimura set net weight 1924~1931 200 100-120  Suruga Bay - - -
(1932) frequency (Pacific coast
analysis of Japan)
Moore (1951) m ainly " 1948-1949 5,000 70-120 waters adjacent 0.44 192 0.22
longline to Hawaii
Yabuta and longHne length 1953-1955 50,000 30-150 Pacific coast 0.55 168 0.35
Yukinawa and pole- frequency of Japan
(1957) and-Hne analysis


http:long.H.ne
http:10ng.H.ne

9yt

TABLE 3. (continued)
Range of Growth
Fishing Years for Sample body Fishing
Author gear Method sampling cize length ground parameters
(cm)
K 1,6 ty
Yabuta and longline length 1950-1957 110,000 80-150 Pacific (12°N-5°s, 0.66 150 0.40
Yukinawa frequency 130°E-180°)
(1959) analysis
Hennemuth mainly " 1954-1956 - 70-140 western coast of 0.60 169 0.83
(1961a) poele—and- North America
Hne (IATTC reglon)
Davidoff pole-and- " 1951~1956 - 80-140 " 0.60 167 0.83
(1963) Hne and
purse seine
Diaz (1963) pole—and- increment 1951-1956 - 80~140 western coast of 0.45 180 -~
line technique America (entire
(atelic) IATTC reglon)
" " * increment * - " " 0.66 167 =~
technique
(extended
year class)
" " * increment " - " western coast of 0.36 214 -
technique North America
(atelic) (IATTC region)
i " " increment " - " * 0.70 1166 -
technique
(extended

year class)
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TABLE 4,

1955-1964 (from Honma et al,, 1971),

Age composition of yellowfin caught by Japanese longliners in the western and central equatorial Pacific,

Western equatorial Pacific

Central equatorial Pacific

Year Total 1 2 3 4 5 and Total 1 2 3 4 5 and
older older
1955 19,336 163 3,139 11,200 4,488 346 14,863 3 494 4,240 6,717 3,409
1956 23,718 164 8,183 11,855 3,416 100 18,355 10 195 3,420 10,058 4,672
1957 22,437 168 5,481 14,109 2,544 135 18,759 30 555 7,549 7,234 3,391
1958 22,753 154 5,668 14,218 2,634 79 14,596 58 1,015 5,175 5,435 2,913
1959 22,814 323 9,428 10,301 2,694 68 14,825 13 1,993 7,374 3,875 1,570
1960 27,987 36 11,472 14,480 1,920 79 15,694 3 1,317 8,827 4,413 1,134
1961 19,638 23 3,256 13,184 3,127 48 12,788 7 927 5,535 5,171 1,148
1962 17,382 192 6,376 7,641 3,071 102 9,348 1 841 4,248 3,606 652
1963 19,105 108 5,696 11,151 2,059 91 8,296 6 703 3,847 3,374 366
1964 19,154 50 5,202 11,574 2,234 94 6,982 4 564 3,859 2,171 384
TABLE 5, Estimates of the annual instantaneous natural mortality rates of yellowfin in the Pacific (after Hayashi and

Homna, 1971).

Annual instantaneous

. ch .
Ocean region Fishery Investigator Age range natural mortality
Central and western longline Kamimura (1965) (as cited 3 0.3-0.4
equatorial Pacific by Hayashi and Honma, 1971) 3 and older 0.6
4 and older 0.8
" " Ishii (1967a, 1967b, and l1to 3 0.34
1969) 4 and older 0.91
" " Honma et al (197D 2 and 3 0.3 or 0.9
4 and older 1.2

Eastern Pacific

"

baitboat and
purse seine

Hennemuth (1961b)

Schaefer (1967)

mainly 1 to 3

mainly 1 to 3

0.64-0.90 (0.77)

0.55-1.05




TABLE 6. Catches in the Pacific, in thousands of metric tons, of yellowfin by the
major longline-fishing countrles and by surface fisherlesin the western and eastern
Pacific.

Surface catch

Longline catch

Western Pacific Eastern Pacific
West of
Year Rep.of Rep.of Purse Bait— CYRA
Japan  cpina Korea Ttal  geine  boat Total CYRA .4 eaqc Total
of 150°
1950 3.7 3.7
1951 15.7 15.7 0.9 3.6 4.5 -
1952 11.7 11.7 2.3 2.6 4.9 -
1953 17.2 17.2 1.2 5.2 6.4 -
1954 23.2 23.2 3.9 4.3 8.2 -
1955 22.5 22.5 2.6 3.9 6.5 -
1956 22.3 22.3 0.7 4.3 5.0 -
1957 50.4 50.4 1.1 1.7 2.8 -
1958 56.4 56.4 3.0 2.9 5.9 66.8 66.8
1959 54.8 54.8 4.0 4.1 8.1 63.5 63.5
1960 66.1 66.1 1.4 1.8 3.2 109.8 109.8
1961 68.9 68.9 2.8 3.3 6.1 102.6 102.6
1962 6l.1 2.9 64.0 6.9 4.2 11.1 74.0 74.0
1963 60.8 2.1 62.9 2.3 2.1 4.4 62.0 62.0
1964 59.6 2.9 62.5 3.6 4.9 8.5 88.6 88.6
1965 57.3 4.4 2.0 63.7 3.8 - - 78.9 78.9
1966 69.0 6.4 3.0 78.4 5.8 - - 80.6 80.6
1967 42.1 2.1 1.9 46.1 3.4 - - 79.8 79.8
1968 50.2 5.1 5.3 60.6 6.9 - - 100.9 1.1 102.0
1969 47.0 4.8 9.0 60.8 4.3 - - 111.4 17.4 128.8
1970 48.3 4.0 10.0 62.3 5.8 - - 128.0 27.8 155.8
1971 38.8 9.0 9.0 56.8 3.7 - - 102.2 20.6 122.8
1972 47.7 9.7 - - 4.6 - - 136.1 40.6 176.7
1973  43.8 8.4 - - 7.5 - - 160.2 44.9 205.1
1974 43.4 4.6 - - 12.2 - - 172.9 37.3 210.2
1975 - 2.9 - - - - - 159.2 43.1 202.3
1976 - 3.4 - - - - - 190.4 46.0 236.4
1977 - 2.9 - - - - - 183.2 15.3 198.5
1978 - 4.1% - -~ - - - 164.9 14.2 179.1
1979 - - - - - - - 175.9% 13.2% 189.1%

- Data not available
* Preliminary estimates (Yang, 1979; Orange, 1980)
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TABLE 7,

experimental areas) includes longline—caught fish, One short ton is equivalent to 0,907185 metric ton,

Sum mary of regulations for yellowfin in the eastern Pacific Ocean (after Bayliff, 1975), The CYRA catch (excluding

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

-

1978 1979

Quota (short tons x 1000)

Authorized increments to
quota (short tons x 1000)

Safeguard proviso for
closure due to low CPUE
(short tons per day)

Allowance for incidentally-
caught yellowfin during
closed season (percent)

Special allocations, small
vessels of each nation
(short tons x 1000)

Special allocations, new
vessels of each developing
nation (short tons x 1000)

Special allocations, each
member and cooperating
nation with canneries and
small catches (short tons
x 1000)

Special allocation, U.S.
vessels chartered for
dolphin research (short
tons x 1000)

0

15

79.3 84.5

0

15

93

13

15

120

15

120

15

140

120

130

175

175

175

175

175 175

10410 10+10 10+10+10 10+10 10+10 10+10 20+15 20+15 20+15

15

15

15

15

15

10

15

13

15

13

15 15
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TABLE 7. (continued)

1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979
Closure date 9/15 6/24 6/18 4/16 3/23 4/09 3/05 3/08 3/18 3/13 3/27 7/07 5/06 7/21
Grace period (days) 0 0 0 0 10 30 30 30 30 30 30 30 30 30

~ CYRA (excluding
experimental 91.2 90.0 114.4 126.9 142.6 113.9 152.,5 167.6 187.4 174.3 182,1 171.4 167.9 187.9
areas)
Catch
(short < Experimental - - - - - - - 10.2 3.9 2,1 28.6 31.5 14.8 6,2
tons x areas
1000)
Total CYRA 91,2 90.0 114.4 126,9 142.6 113,9 152.5 177.8 191.3 176.4 210.7 202,9 182.7 194.1
\ Outside CYRA 0.0 0.0 1.2 19.2 30.7 22.8 44.8 49,5 41.1 47.5 50.7 16.9 15.7 14.6
1. For 1966 and 1967 each vessel with permission to fish only for other species was allowed to land up to 15 percent by weight

S

of yellowfin among its catch of all marketable species taken on any fishing voyage made after the closure of the fishery,
For all succeeding years the percentage allowed was determined by each nation under which such vessels were registered
under the provigion that the aggregate of the incidental catch of yellowfin by the vessels of each nation could not exceed 15
percent of the combined total catch taken by these vessels during the period they were permitted to fish inside the CYRA.

For Panama this applied to vessels of up to 600 tons capacity.

For Costa Rica this applied to vessels of up to 1,100 tons capacity; for Nicaragua up to 4,000 tons of this applied to two
vessels of up to 1,800 tons capacity; for Panama up to 3,000 tons of this applied to vessels of more than 400 tons capacity.

For Costa Rica this allocation was 7,500 tons, and applied to all of its vessels; for Nicaragua and Panama this allowance
applied to all the vessels of each country.

For Nicaragua and Panama this applied to all the vessels of each country,
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1 IDENTITY

The scientific name for the southern bluefin tuna is Thunnus maccoyii.
2 DISTRIBUTION

2.1 Total area

Southern bluefin have a circumpolar (Ueyanagi, 1980) or near circumpolar
distribution (Figure 1) in the Southern Ocean. Nakamura (1969) suggests that they may
be distributed throughout the area between 30°-40°S latitude in that ocean, and are the
dominant species of tuna south of 30°S latitude. In the south Pacific the northern

boundary of its distribution is marked by the tropical convergence in the waters to the
north of the North Island of New Zealand (Robins, 1963)., A combination of the maximum
distribution limits described by six investigators, augmented by Japanese catch statistics
reports, is shown in Figure 1. The broken lines outline the S5—degree areas where vessel
logbook records indicate that incidental, often lone, specimens were caught. A few
specimens were recorded caught in 5-degree areas further north, up to the latitude of
central Peru. These were not identified by scientists and, therefore, should not be
considered scientific evidence of expansions of the distribution limits of southern
bluefin. Several specimens have been collected in the waters off southern Chile (33°-
4193 and 94°-115°W) during research operations (Shingu, 1967). Two large (1553- and
1640-m m) bluefin were caught by a purse seiner in the Gulf of Guayaquil, Ecuador
(3°23'5-81°09'W) on June 1MW, 1969. Their identity as bluefin was confirmed by the
striations on the livers, but it was not determined if they were northern or southern
bluefin. The southern limit of the distribution of southern bluefin is usually considered to
be to or somewhat beyond 50°S latitude (Shingu, 1967 and 1979; Hynd, 1969; Nakamura,
1969; Hisada et al., 1978), though Suda (197 1: Figure 34) shows southern bluefin catches
as far as 60°S latitude south of Australia. Hayashi et al. (1970) give the northern
distribution limit in the western Atlantic Ocean as 30°S latitude in the waters west of 0°
longitude., The southern limit was not defined, Research cruises have demonstrated the
occurrence of southern bluefin north of 40°S latitude from off South Africa to Uruguay
(Anonymous, 1966, 1968a, and 1969a; Kume and Hisada, 1969; Hayashi et al., 1970).
Talbot and Penrith (1963) and de Jager (1963) describe its distribution along the
southwest coast of Africa. (The information on bluefin presented by Talbot and Penrith
(1963) and de Jager (1963) is attributed to Thunnus thynnus orientalis and T. thynnus
thynnus, Gibbs and Collette (1967: 115) consider T. thynnus orientalis as used by Talbot
and Penrith (1963) to be a synonym for southern bluefin, T. maccoyii.)

2.2 Differential distribution

The distributional range of southern bluefin changes appreciably with its
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development. The distributions of spawning adults, juveniles, and feeding adults within
the major fishing grounds (Figure 1), and their respective fishing seasons, are listed in
Table 1. The limits of the fishing areas given in Table 1 are wider than those shown in
Figure 1 (fine lines), the former being a composite of more than one publication.

There is no information on the distribution of the spawn. The larvae of several
species of tuna occur throughout the low latitude areas of the Indian Ocean, but the
larvae of southern bluefin have been collected only in a limited area (Shingu, 1978). The
areas where southern bluefin larvae have been collected are delineated in Figure 2.
During the most recent larval surveys by the R/V Shoyo Maru, two larval nets were
towed simuitaneously, one at the surface and the other at a depth of 30 to 35 meters.
During the 1978-79 cruise 1,211southern bluefin larvae were collected, more than any of
the six other species of larval tunas present. Most of the tuna larvae were collected at
nighttime and at sub-surface levels (Anonymous, 1978d and 1979k).

2.3 Determinants of distribution changes

Certainly currents, temperature, and the presence of land are important ecological
determinants of the distribution of southern bluefin. The longline fishery is concentrated
in waters adjacent to the northern extremity (30°-40°S) of the West Wind Drift and
within the West Wind Drift (south of 40°S) (Nakamura, 1969). Shingu (1967) states that
the West Wind Drift and the northward branches of the West Wind Drift off the west
coasts of continents and land masses (West Australian Current, Peru or Humboldt
Current, and Benguela Current) seem to provide environmental conditions suitable to
southern bluefin,

Adult southern bluefin have the distinction among the tunas of living in the most
extreme continuously cold habitat. They rival the Atlantic northern bluefin, Thunnus

thynnus thynnus, for inhabiting the most varied water temperatures of the tunas (Sharp

and Dizon, 1978). Southern bluefin seek warmer water only during the spawning portion
of its life history. Water temperatures in the spawning area at that time of the year
(Figure 2 and Section 3.16) range from 25° to 30°C (Shingu, 1970 and 1978). Water
temperatures and salinities in the areas where southern bluefin are com monly caught
range from about 5° to 30°C and slightly below 34 o/0o to about 37 o/00, respectively
(Shingu, 1970 and 1978). The ranges of temperatures and salinities in major fishing areas
are shown in Figure 3. Shingu (1978) presents graphs depicting detailed temperature
isotherms and fishing positions in fishing areas 1, 2, 4, 5, and T (Figure 1. The preferred
temperature of southern bluefin in the New South Wales, Australia, fishery is between
17° and 20°C (Williams, 1977). De Jager (1963) and de Jager et al. (1963) report that
from winter of 1960 to autumn of 1961 the highest catches off South Africa were made
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in waters between 16° and 17°C. Thermal fronts, areas where large temperature
changes oceur, are known to attract southern bluefin (Williams, 1977; Pownall, 1979).
McKenzie (1964) states, "In Australia, fish smaller than 60 pounds (27.2 kg) generally
occur nearer the coast than larger sizes, and usually nearer convergences and current
boundaries."

2.4  Hybridization

There are no records of hybrids involving southern bluefin,

3 BIONOMICS AND LIFE HISTORY
3.1 Reproduction
3.11 Sexuality

This is briefly discussed by Robins (1963).

3.12, 3.13, and 3. 14 Maturity, mating, and fertilization

There is some disagreement concerning the age and size at which southern bluefin
reach maturity. Robins (1963) states that maturity is attained during the fifth or sixth
(mainly the sixth) year and between 110 and 128 cm. Shingu (1967), Nakamura (1969),
Anonymous (1972b), and Hisada et al. (1978) give the age at maturity as 6 years. Shingu
{1970), Anonymous (1979b), and Murphy and Sutherland (1980) state that southern bluefin
mature at 7 years of age. Kikawa (1964a) found developing gonads in fish older than 7
years. Anonymous (1966b) and Hynd (1969) give the age of maturity as 8 years and 7 to 8
years, respectively. Hayashi et al. (1972) assume that none of the 5-year-olds, 20
percent of the 6-year-olds, 80 percent of the T-year-olds, and all of the 8-year-olds have
reached maturity., Kikawa (1964a) found fish greater than 140 c¢m to be maturing, and
Hisada et al. (1978) and Shingu (1978) specify the size at maturity as 130 cm and 40 kg.

M ating in southern bluefin is presumably polygamous, and fertilization is external
(Robins, 1963).

3.15 Gonads

Kikawa (1964a) estimated the total number of eggs in the ovaries of a southern
bluefin specimen at 14 to 15 million. The ovary weights and fork length for that fish
were 1700 g, 1689 g, and 158 ¢ m, respectively.

Mimura (1962) found no apparent relationship between fish size and gonad weight
for southern bluefin. However, this relationship has been graphed by Robins (1963) for
fish from the waters north of New Zealand, by Kikawa (1964b) for fish from the Oki
fishing area, and by Hayashi et al. (1970) for fish caught in the Tasmania, New Zealand,
Oka, and Oki fishing grounds.

Shingu (1970: Figure 20) shows the distribution for gonad index frequencies of
southern bluefin taken from May to March from the Oka and Oki fishing grounds and
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from the Tasmania and New Zealand areas.
3.16 Spawning

The spawning areas of southern bluefin and northern bluefin, in contrast to those of
the other tunas, are narrow relative to their entire distributional range (Yabe et al,
1966). Only one spawning area (Figure 2), located in the east Indian Ocean south of the
Sunda Islands (Java and adjacent islands) has been identified for southern bluefin
(Mimura, 1962; Kikawa, 1964b; Ueyanagi, 1966a, 1967, 1969a, and 1969b; Shingu, 1967,
1970, and 1978; Kikawa et al., 1968; Hynd, 1969; Nakamura, 1969; Hayashi et al., 1970;
Shingu and Hisada, 197 1; Suda, 197 1; Lucas, 1974; Murphy, 1977 and 1979; Hisada et al.,
1978; Murphy and Sutherland, 1980. This area corresponds roughly to the original
Japanese longline fishing grounds for the species, the Oka and Oki grounds. Nakamura
(1969) describes a major spawning area (10°-20°S and 110°-125°E) and a minor spawning
area (20°-30°S and 110°-125°E). Spawning fish inhabit the major spawning area, and to
some extent the minor spawning area, from August to April, The minor spawning area,
however, is occupied primarily by pre-spawners and spent fish.

Robins (1963) mentioned the existence of a spawning area off eastern Australia.
Although the season during which spawning was supposed to take place in that area was
unknown, he stated that "from recent data it may be inferred to be November-
February." Hynd et al. (1966) analyzed the size composition of southern bluefin from the
Australian fishery and concluded that there might be another spawning ground in the
Tasman Sea. Hynd (1965 and 1969) discussed the possibility of the existence of a second
and a third spawning group due to the fact that in each year class of juveniles found in
coastal Australian waters, three groups can be distinguished on the basis of length. He
reached no conclusions, but stated that if no juvenile populations were found in
continental coastal waters near the area in question, it is unlikely there is a spawning
group in the vicinity. Some Japanese fishermen believed that southern bluefin spawn in
the seas adjacent to Tasmania and in the West Wind Drift area, due to the fact that
mature fish seasonally occur in these areas (Nakamura, 1969). However, Shingu (1967)
denied the possibility of spawning in the Pacific based on the size and age compoesition
and gonad indices of the fish in the catch of that area, and Nakamura (1969) states that
"It cannot be concluded, at present, whether they spawn in these areas." It appears that
since the late 1960's investigators have discounted the possibility of the existence of
spawning areas other than in the eastern Indian Ocean. Shingu and Hisada (197 1) state,
*In view of the series of survey ship and fishing boat data, there is almost no chance that
this species spawns anywhere other than in the spawning grounds off the northwest coast
of Australia."
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The southern bluefin spawning season is usually described as beginning in Septe mber
and ending in March, corresponding to the southern sum mer (Serventy, 1956; Mimura and
Warashina, 1962; Robins, 1963; Kikawa, 1964b; Shingu, 1967; Kikawa et al., 1968; Hynd,
1969). Nakamura (1969) and Shingu (1970) report the spawning season to be from August
to April, but Ueyanagi (1969a) and Murphy and Sutherland (1980) give a shorter spawning
season, October to March., The peak of spawning is reported to be in Nove mber (Mimura
and Warashina, 1962; Kikawa et al., 1968) or November-Dece mber (Shingu, 1967). Robins
{1963) states that the peak of spawning differs by less than two months between the Oka
fishing ground (Nove mber) and the Oki fishing ground (January).

3.17 Spawn

Kikawa (1964a) gives the mean diameters of 100 residual eggs remaining in the
ovaries of two spent 140-cm southern bluefin as 0.895 mm and 0.785 mm.

3.2 Pre-adult phase

3.21 Embryonic phase
No information is available on this subject.
3.22 Larval phase

Larval southern bluefin have been described by Yabe et al. (1966), Ueyanagi
(1969a), Matsumoto et al. (1972), and Richards and Potthoff (1973). The characters used
to separate southern bluefin larvae from those of other Thunnus species are presented by
Matsumoto et al. (1972). The identification is based mainly on the tiny black pigment
cells, melanophores, present on the dorsal edge of the trunk. Southern bluefin larvae
closely rese mble northern bluefin larvae (Yabe et al., 1966). Matsumoto et al. (1972) and
Richards and Potthoff (1973) express the need for further verification of larval southern
bluefin identification, especially by methods utilizing osteological features.

Southern bluefin larvae are reported to be 3 mm long at hatching (Murphy, 1977),
making them smaller then northern bluefin larvae (Ueyanagi, 1969a). Yabe et al. (1966:
Appendix Table 2) present morphometric data for three southern bluefin larvae
representing three stages of development, and they describe in detail the physical
characteristics and pigmentation of each (see Shingu (1978) for an English translation).

The food of larval tunas is virtually unknown, but Ueyanagi (1966a) speculates that
they feed on the larvae of fishes and squids.

The distribution of southern bluefin larvae is discussed in Section 2.2.

3.23 Adolescent phase

Since the juveniles live in the vicinity of coastal areas and in the surface layer,
Ueyanagi (1966a) speculates that they consume mainly crustaceans, while the adults feed
mainly on fishes and squids. However, Robins (1963) states that the diet of juvenile
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southern bluefin is, in order of importance, fishes, cephalopods, crustaceans, and salps.
3.3 Adult phase
3.31 Longevity
Southern bluefin are long-lived; a 3-year-old fish tagged off Albany, Australia, was
recaptured off South Australia after 15 years and 4 months at liberty (Anonymous,
1979D. Murphy (1979) and Murphy and Sutherland (1980) state that they possibly attain
an age of 20 years., However, the majority of the catch includes fish up to only 12to 13
years of age (Section 4,12).
3.32 Hardiness
Southern bluefin kept out of water up to 1 minute during tagging operations appear
to suffer no harm (Robins, 1963). They have also been reported to survive 80 hours in a
live bait tank aboard a vessel after having been tagged and subjected to temperature
changes from 15.5° to 21.1°C and then to 19.1°C (Robins, 1963).
3.33 Competitors
Robins (1963) lists albacore, Thunnus alalunga, yellowfin, T. albacares, bigeye, T.

obesus, and skipjack, Katsuwonus pelamis, as competitors in feeding areas (away from
continents, especially in the West Wind Drift), and mainly in transitional areas where the
southern bluefin distribution overlaps with that of the above species. Anonymous (1972b)
presents a list of the tuna and billfish species caught by longline in conjunction with
southern bluefin (and catch statistics for each) in the fishing grounds off South Australia,
New South Wales, South Africa, and in the Oki fishing ground. In the first two areas
southern bluefin are caught with {(and must be in competition with) albacore, bigeye,
yellowfin, swordfish, Xiphias gladius, and striped marlin, Tetrapturus audax. In the third
and fourth areas southern bluefin are caught with the above species plus blue marlin,
Makaira nigricans, and black marlin, M. indica. De Jager (1963) lists 20 additional
possible competitors of southern bluefin. Collette (1978) states that "the southern
bluefin has a distributional pattern similar to those of Gasterochisma [the butterfly
kingfish] and Allothunnus [the slender tunal in the Southern Ocean," so there is a good
chance that it competes with these for food.
3.34 Predators

Robins (1963) lists sharks, dolphins, and seals as predators of southern bluefin. No
definite predators are known in the waters off South Africa, but Talbot and Penrith
(1963) speculate that mako sharks, Isurus oxyrinchus, swordfish, and blue marlin are

possible predators. De Jager (1963) states that blue sharks, presumably Prionace glauca,

mako sharks, thresher sharks, Alopias sp., and brown sharks, Carcharhinus milberti(?), are

considered to be predators of southern bluefin. Robins (1963) mentions rapid sounding as
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an escape mechanism.
3.35 Parasites, diseases, injuries, and abnormalities
Only two parasites are listed by Robins (1963): a trematode, Hirudinella sp., which
inhabits the gut, and a copepod (Harpacticoida) found on the gills, the interior of the
operculum, and in the caudal peduncle region. The intensity of infection of the
trematode was described as light (Robins, 1963). Cressey and Cressey (1980) report the
copepod Elytrophora brachyptera from the gill areas of two southern bluefin., Nematode

parasites were found in the stomachs of 4 of 10 southern bluefin examined by Webb
(1974) from the west coast of New Zealand. Abe and Hiragaki (1979) report an albinistic
southern bluefin caught in the Tasman Sea which weighed 100 kg, without the caudal fin,
viscera, and gills.
3.36 Physiology and biochemistry

The members of the bluefin group of the genus Thunnus, including northern bluefin,
T. thynnus, albacore, T. alalunga, and southern bluefin, have been described as the most
specialized and most modern of the tunas. They are the only members of the tribe

Thunnini, composed of the genera Auxis, Euthynnus, Katsuwonus, and Thunnus, that have

expanded their ranges out of tropical waters due to having lost the primitive central
blood supply to the body tissues in favor of an increased lateral blood supply and heat
exchanger system (Collette, 1978). This has enabled the members of the bluefin group to
evolve a larger body mass (especially the northern bluefin), correspondingly larger
thermal inertia, and body te mperatures up to 21.5°C above ambient tem peratures (Carey
et al., 1971; Stevens and Neill, 1978). Countercurrent heat exchangers, retia mirabila
("wonderful nets"), provide a means by which the Thunnini are able to maintain body
temperatures above the ambient temperature of the water, Konagaya et al. (1969)
recorded body temperatures of southern bluefin up to 19.5°C above the te mperature of
the water in which they were caught. Metabolic heat produced primarily by aerobic
means during swim ming activity is shunted from the venous to the arterial sides of the
circulatory system before it reaches the gills and is lost to the environment, Carey and
Teal (1966), Carey et al. (1971), and Stevens and Neal (1978) describe in detail the
morphology and workings of the central and lateral retial systems. In all the Thunnini
except the bluefin group cutaneous arteries that supply the lateral retia originate from
the dorsal aorta at the level of the sixth or seventh vertebrae and a well-developed
dorsal aorta and postecardinal vein continue posteriorly to supply the central retia located
in the haemal arch of the vertebrae. In the bluefin group the central retia are absent.
The cutaneous arteries originate further anterior on the dorsal aorta to form large

cutaneous retia, the major avenue of blood supply for the muscle. The dorsal aorta
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posterior to this becomes reduced in size and the postcardinal vein is absent (Collette,
1978; Stevens and Neill, 1978).

The species of the bluefin group are also unique among the Thunnini in possessing
large complex visceral retia mirabila on the liver and gut. One to five vascular cones
oceur on the dorsal surface of each of the three lobes of the liver (Gibbs and Collette,
1967). Striations caused by blood vessels cover the ventral surface, These retia are also
countercurrent heat exchangers that create high visceral temperatures, presumably to
speed digestion and absorption (Carey et al.,, 1971 Collette, 1978; Stevens and Neill,
1978). Retia near the brain and eyes have been described by Linthicum and Carey (1972)
for northern bluefin and albacore, among others (summarized by Stevens and Neill,
1978). Presumably southern bluefin possess similar adaptations.

Stevens and Neill (1978) and Sund et al. (1980) review the hypotheses proposed by
several investigators to explain the adaptive significance of an elevated body
temperature. Cole (1980), in this synopsis series, briefly discusses the principal
arguments.

The question of whether tunas are able to thermoregulate is discussed by Stevens
and Neill (1978) and Dizon and Brill (1979). According to the former, "the evidence
suggests that large bluefin tuna, at least, practice substantial thermoregulation."
Presumably southern bluefin do so also, though no direct evidence is available,

Sharp and Pirages (1978) presented evidence that the position of the red swim ming
muscles in conjunction with the relative development of the cutaneous and central
vasculature is indicative of adaptations to habitat and preferred temperature in tunas.
The red muscle is the principal site of aerobic metabolism and heat production, The
lateral heat exchangers line the red muscle mass (Sharp and Dizon, 1978). The tropical
species of the genus Thunnus, yellowfin, blackfin, T. atlanticus, and longtail, T. tonggol,
have red muscle masses in contact with the lateral body surface and the vertebral
centra. The red muscle in temperate species, the bluefin group, is completely
internalized. The placement of the red muscle mass in southern bluefin is more medial
and smaller than that of northern bluefin, Sharp and Pirages (1978) state that
"internalization of red muscle in species preferring cooler water is most likely an
adaptation which permits maintenance of a %tropical' red muscle te mperature".

Southern bluefin possess a well-developed gas bladder (Gibbs and Collette, 1967;
Collette, 1978; Sharp and Dizon, 1978). In scombroid and xiphoid fishes the presence of a
gas bladder appears to be associated with increase in body mass. Magnuson (1973)
showed that most species with large mass have gas bladders and pectoral fins with high

surface area, which act to increase bouyancy and reduce the minimum swim ming speed
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required to maintain hydrostatic equilibrium. Thus, energy expenditure for swim ming is
reduced.

Sharp and Pirages (1978) analyzed the electrophoretic mobilities of several proteins
in red, white, and heart muscle of scombrids. They found more biochemical similarity

between T. maccoyii and T. thynnus orientalis (Pacific northern bluefin) than between T.

t. orientalis and T. t. thynnus (Atlantic northern bluefin). This may indicate a need to
further examine the taxonomy of these fishes.

Studies by Sprague (1967) and Fujino and Kang (1968a) have indicated the existence
of polymorphisms in serum esterase and transferrin, respectively, of southern bluefin.
Sprague's study indicated 5 phenotypes in 70 specimens from Australian waters, but no
subpopulation study was made. Fujino and Kang tested 302 specimens from different
locations around Australia and found only two phenotypes. No significant differences in
gene frequencies were found between localities.

3.4 Nutrition and growth

3.41and 3.42 Feeding and food

The diets of larval and juvenile southern bluefin are briefly discussed in Sections
3.22 and 3.23.

Adult tunas are generally considered to be opportunistic feeders, their stomach
contents reflecting the forage species available in a particular area. Southern bluefin
are no exception (Serventy, 1956); Robins (1963) stated: "In this species feeding appears
to be random on pelagic small fish, squid, and crustaceans.”" The feeding ecology of
southern bluefin has been examined for longline—caught fish off South Africa by Talbot
and Penrith (1963). It appears that they feed primarily in the early morning and evening,

and probably not at night. The occurrence of the fish, Merluccius capensis, and the

shrimp, Funchalia woodwardi, in the stomachs of a large percentage of 263 specimens

indicates that the fish were feeding in deep water.,

Serventy (1956) lists 22 species and 1 family of fishes, 5 species of cephalopods, 4
species of crustaceans, 1 tunicate, 1 chaetognath, and 1 siphonophore found in the
stomachs of southern bluefin caught off Australia. The principal forage species include:

larger fishes - jack mackerel (Trachurus novaezelandiae), mackerel (Scomber austr-

alasicus), pilchard (Sardinops neopilchardus);

smaller fishes - bellows fish (M acroramphosus molleri), bill fish (Scombersox forste-
ri), trevally (Caranx georgianus), mackerel fry (Scomber australasicus), and

clupeoid fry;
cephalopods - Nototodarus gouldi,

crustaceans - euphausids and stomatopod larvae.
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Cephalopods were always found associated with fish in the stomachs examined (Serventy,
1956). Talbot and Penrith (1963) analyzed quantitatively the food habits of South
African-caught southern bluefin. They presented a table of the percent volume and
percent frequency of occurrence of the food items found in the stomachs examined. The

food groups of major importance were fish species and Funchalia woodwardi, comprising

64.3 percent and 29.8 percent of the food by volume, respectively. A large portion, 46.7
percent, of the specimens contained less than 10 cc of food, and 23.6 percent had empty
stomachs. De Jager (1963) and De Jager et al. (1963) list the organisms eaten by 95
southern bluefin caught off South Africa. The most abundant items were pilchards,
stockfish, and Funchalia woodwardi, Koga (1968) identified the organisms eaten by four

southern bluefin caught in the Tasman Sea. They included fishes, crustaceans,
cephalopods, and gastropods.
3.43 Growthrate

Southern bluefin grow more slowly than do yellowfin, bigeye, and northern bluefin,
but more rapidly than albacore (Ueyanagi, 1966a). The age and growth data available for
southern bluefin are summarized in Table 2. The table includes estimates of the
parameters for the von Bertalanffy growth equation calculated by the investigators and
lengths at age calculated by the compiler of this report using the respective growth

parameters, The von Bertalanffy growth equation is as follows:
- ~-K(t-t,)
L =Ly (e o’)

where ]‘t is length in centimeters at age t, Loo is the asymptotic length, and K is the
annual growth rate constant. The growth of southern bluefin is also discussed by
Serventy (1956), Hynd (1965), Ueyanagi (1966a), Hayashi et al. (1970), Suda (1971 and
1973b), and Anonymous (1975¢). Serventy presents "a graph of growth rates showing the
progression of means or modes, or both" of length-frequency data of fish taken off
Australia during 1938-1942. Hynd (1965) used scales to estimate the ages of 50 southern
bluefin, He could not construct an age-length relationship by tracing the progression of
modes because the length distributions within the 2+ age group were often bimodal.
Lucas (1974) compared his results based on tag returns with Yukinawa's (1970)
growth curve derived from scale readings, and found little difference in the results of the
two methods for the 2- to U-year-olds. However, tagged fish over 5 years of age seemed
to have a slower growth rate than that indicated by scale readings. Yukinawa (1970) also
showed that tagged fish generally grow more slowly than the rate indicated by a growth
curve based on estimates from scales, This could be due to the investigators having
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made low age estimates for the older fish due to their having overlooked scale annuli.
Hearn (1979) found evidence to support the hypothesis that tagging initially retards
growth in southern bluefin. Murphy and Sutherland (1980) noted that participants in a
recent tuna and billfish stock assessment workshop in Shimizu, Japan, called attention to
the fact that the age structure of the population derived utilizing the von Bertalanffy
growth parameters of Shingu (1970, data from Robins, 1963) was not compatible with the
observed age structure of the tagged population. Murphy and Sutherland (1980) presented
parameters estimated by a new procedure using tag return data (Table 2).

Yukinawa (1970) found similar growth rates among male and female southern
bluefin,

From Serventy's (1956) graph of length-frequency distributions mentioned above, it
appears that most growth takes place between October and May, the southern spring,
summer, and fall seasons. Robins (1963), however, cited some unpublished tag return
data which indicate that winter growth is similar to sum mer growth.

Further tagging experiments by Australian scientists are presently in progressin an
effort to confirm previous estimates of growth rates of southern bluefin. Injections of
oxy-tetracycline are being made at the time of tagging (Williams, 1980). Tetracycline is
incorporated intc the growing layer of sagittal otoliths (ear bones) of the fish. The
tetracycline mark is used as a referrence point for relating growth increments to time at
liberty after injection and tagging (Wild and Foreman, 1979).

3.44 Metabolism

There is no specific information available on this subject. However, metabolic
rates of tunas are known to be higher than those of any other teleost group (Magnuson,
1978a). Stevens and Neill (1978) state that warmbodiedness has enabled tunas to achieve
high, near mam malian rates of metabolism (Section 3.36).

3.5 Behavior

3.51 Migrations and local movements

The migration patterns of southern bluefin have been discussed by several
investigators. The migration models that follow are, unless otherwise noted, based on
information from the following sources: Robins (1963), Shingu (1967, 1970, and 1978),
Kikawa et al. (1968), Hynd (1969), Nakamura (1969), Suda (197 1), Hynd and Lucas (1974),
Lucas (1974), Murphy (1977), Pownall (1977), and Murphy and Sutherland (1980).

The traditional model and an alternative model will be discussed. The traditional
model, due to its rather complicated nature, will be detailed in seven stages. Figures 4
and 5 will serve as aids for following the migration patterns, but neither shows all the
details given in the text.
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I, Traditional model

A. The location of the spawning grounds of southern bluefin is given in
Section 3.16. Some investigators assume that the young fish spend their first year of life
on the spawning grounds.

B, The young fish then make their way southward in the neritic waters of the
west coast of Australia, They first appear in the surface catch as 1~ to 2-year-olds off
western and southwestern Australia,

C. The age-2 and older juveniles then turn east and migrate in the surface
layer along the south coast of Australia. Recent reports by Australian investigators
indicate that they also disperse westward at this stage, and Suda (197 1) reports that 3-
and U-year-olds perform east-west seasonal migrations along the south coast of
Australia.

D. Several age groups of im mature fish then make seasonal movements from
the waters off southern Australia toward the east coast of Australia and around
Tasmania and New Zealand, Fish of different age groups make this move at slightly
different times, but generally during the latter half of the year. They enter the Tasman
Sea via the southern coast of Tasmania in March to May, move northward in June to
September, attaining their northerly limit (about 34°S latitude) in early spring (August),
and then disperse southward in the late spring (October to December), The northern
limit is associated with the 19°C isotherm (Robins, 1963). In general, northward
movements occur in the colder months and southward movements in the warmer
months, The fish may stay in these areas from 2 1/2 to 5 years. {(According to Nakamura
(1969), a fairly large number of juveniles of various age groups enter the West Wind Drift
directly from the waters off southern Australia without having ever entered the Tasman
Sea.)

E. Sometime between the ages of 4 V2 and 6 years, especially during the
southern sum mer (Shingu, 1970), the juveniles leave the continental shelf, move offshore
into the West Wind Drift, and disperse in the Southern Ocean. They may remain offshore
until sexually mature or make seasonal migrations to the Tasman Sea north of 40°S
latitude and to the waters east of New Zealand in the southern winter.

F. & has been shown by the recoveries of fish tagged off Australia that
southern bluefin in the West Wind Drift migrate both to the east and to the west.
Several tag recoveries have been made south of the Cape of Good Hope, Africa, between
16°40' and 30°20' east longitude. Two tagged fish released off South Australia were
recaptured at 45°00'S-2°30'E and 4 1°46'S-3°42'E 8 years and 2 months later and 7 years
and 8 months later, respectively (Anonymous, 19T74c, 1975d, 1976¢, 1977d, and 1978c).
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Many fish tagged off southern and southeastern Australia have been recovered east of
New Zealand, especially off the North Island (Hynd, 1969; Anonymous, 1974c, 1975d, and
19774d).

G. @t is believed that, upon reaching sexual maturity, southern bluefin make
large-scale feeding and spawning migrations between the South Pacific and Indian Oceans
via the Southern Ocean. Shingu (1967) presents evidence of fish making annual
migrations during the southern summer from the West Wind Drift region of the Southern
Ocean via the Oki fishing grounds to the spawning area of the Oka fishing grounds
northwest of Australia, After spawning the adults return to the West Wind Drift and
disperse once again. Some of these are known to im migrate to the Tasman Sea and
waters east of New Zealand in the southern winter.

IO, Alternative model

Murphy (1977) asserts that the migration patterns may not be as simple as those
just described. He claims that there is evidence that not all young southern bluefin that
appear off western Australia turn east and pass through the area of the Australian
surface fishery. As evidence, he explains that Japanese longline catches of 6 1-to 80-cm
fish (2 3/4~ to 4-year-olds) in an area near South Africa are about as large as those in the
Tasman Sea. Murphy proposes that on their way southward from the spawning grounds
only the juveniles on the eastern edge of the population pass close to western Australia
and turn east, following the route outlined in the traditional model. The others pass to
the west of coastal western Australia, continue southward, and then turn east and west in
the West Wind Drift without ever entering the Australian fishing grounds.

3.52 Schooling

The southern bluefin's principal habitat is described as the surface layer at
im mature stages and the subsurface or mid-water layer at the adult stage (Shingu, 1967;
Hayashi and Kikawa, 1970). Robins (1963) reports schools of from 0.5 to 500 long tons
(0.5 to 508 metric tons), and catches of up to 62 long tons (63 metric tons) from a single
school, Hynd and Robins (1967) describe typical schooling behavior of southern bluefin in
the Australian surface fishery. "Ripplers" are closely packed schools of fish swim ming
slowly Jjust below the surface, Schools of southern bluefin apparently adopt their
"rippling" behavior only when the water temperature is between 16.7° and 20°C and the
fish are not feeding (Hynd and Robins, 1967; Willlams, 1977; Pownall, 1979). Feeding
schools are more dispersed and will not respond to chum, Schools in waters above about
21°C do not bite well (Williams, 1977).

No information is available on other species of fish and/or mam mals that school

with southern bluefin. They are not reported to associate with flotsam as are other
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tunas.
No detailed data are available on the bathymetric distribution of southern bluefin.
3.53 Responsestostimuli

Small schools that are not "rippling" disperse when subjected to a repeated sound of
48-kc frequency (Robins, 1963).

The principal bait species used in the Australian live-bait fishery include jack
mackerels (Trachurus novaezelandiae), pilchards (Sardinops neopilchardus), and anchovies
(Engraulis australis). Longline bait species known to give favorable results are 8-to 10~
inch (20- to 25-cm) mullets (Mugil georgii, Lisa argentea, and Aldrichetta forsteri), jack
mackerels, and scad (Trachurus declivis) (Robins, 1963),

4 POPULATION
4,1 Structure
3,11 Sexratio
Robins (1963) reported the following sex ratios of southern bluefin caught by

various gears in four major fishing areas: New Zealand, longline~caught fish, 1.22
males:1 female; southwestern Tasman Sea, longline-caught fish, 1,40 males:1 female;
southwestern Tasman Sea, troll and livebait~caught fish, 1 male:1.22 females; Oka fishing
ground, longline-caught fish, 1.2 males: 1 female; Oki fishing ground, longline-caught fish,
1.38 males: 1 female,

Nakamura (1969, after Suda, 1960) gave catch data by size and sex of southern
bluefin caught in the area south of central Australia during an exploratory fishing

operation. The sex ratios found are as follows:

Length Males Females Sex ratio
_fem) (number) (number) male:female
100 3 1 3.00:1
100-140 15 14 1.07:1
140~ 180 42 27 1.56:1

A sex ratio of 1.66 males:1 female for 226 southern bluefin caught by longline off
South Africa was given by Talbot and Penrith (1963). De Jager (1963) and de Jager et al.
(1963) report an almost identical sex ratio for an apparently different sample of 212
southern bluefin caught off South Africa.

4,12 Age composition

Age determinations of southern bluefin have not yet been made with certainty
(Sund et al., 1980). The average age composition of the catch by surface and subsurface
gear of the 1958 to 1965 year classes is shown in Figure 6. The two fisheries utilize
southern bluefin of different age groups, with some overlap. The surface fishery around
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Australia exploits young fish (primarily 2- to Y-year olds), while the longline fishery
utilizes primarily adult fish (Hynd et al., 1966; Anonymous, 1972b; Hayashi et al., 1972).
The age distribution of the catch in the various areas of the fishery was briefly discussed
in Section 3.51. More details are given in Table 1. The age and size composition of the
cateh differs markedly among fishing areas and seasons, but not within seasons. This is
partly due to fluctuations in year—class strength (Shingu, 1967). The age composition of
the longline catches during the 1965-66 to 197 1-72 seasons in nine fishing areas and in all
areas combined are shown in Figure 7. Warashina and Hisada (1974) point out that prior
to the 1968-69 season, 7— and 8-year-old fish were dominant in the catch, but since then
5-year-old and yocunger fish have occupied a larger percentage of the catch. In the 197 1=
72 season the longline catch was composed of as many 4-year-olds as T-year-olds
(W arashina and Hisada, 1974).

The mean age and weight of the catch and the mean age at first capture in the
Japanese longline fishery are shown in Table 3. The year-to-year fluctuations were
caused partly by changes in the areas in which the majority of the effort was
concentrated (Shingu and Hisada, 197 1. A gradual downward trend can be seen in the
mean age at first capture, though the values for the last three seasons have increased
slightly. The graphical representation of Hisada et al. (1978: Figure 5) shows this trend
clearly, According to Shingu and Hisada (197 1) the gradual decrease in the mean age of
the total longline catch may indicate "a serious decrease in older fish." Ir was expected
that after the 197 1-72 season the catch of older fish would continue to decline due to the
voluntary closure of the Oka area to longline fishing (Section 6).

Although fish up to 18 to 20 years old are occasionally caught by the longline
fishery (Section 3.3 1), there are few fish in the catch greater than 12 or 13 years of age.

The age composition of southern bluefin caught in the Atlantic Ocean is discussed
by Hayashi et al. (1970).

4,13 Size composition

The length-frequency distributions of the southern bluefin catches for 1960 to 1977
by the Australian surface fishery and the Japanese longline fishery are shown in Figure
8. Both fisheries utilize fish of 70 to 130 cm, although most of the fish caught by the
Australian fishery are less that 100 cm and most of those caught by the Japanese fishery
are greater than 100 cm. A mode at around 150 cm is apparent in the longline catch for
every year shown. In the 1970's the catch of fish less than 130 cm increased. Startingin
1974 the catch of small fish {45 to 65 cm) by the surface fishery increased substantially
and the fishery off Western Australia began to take very small fish in the mid 1970's.
According to Anonymous (1975c¢), the change in the size composition of the surface
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fishery catch was due to the introduction of purse seiners.

The size composition of the catches of southern bluefin by major fishing areas from
1957 to 1962 is shown in Figure 9. The smallest fish are caught by the surface fishery,
especially off Albany, Western Australia. The catches by the South Australian and New
South Wales fisheries ("Southern and Eastern coasts" in Figure 9) have nearly the same
size range, but there is a higher frequency of smaller fish caught off South Australia.
Individuals under 130 ¢m in length rarely appear in the catch from the Oka and Oki
fishing grounds. However, the proportion of large individuals is greater in the Oka area
{mode = 160 ¢m) than in the Oki area (mode = 150 ¢m) (Shingu, 1970 and 1978). Im mature
and adult southern bluefin are caught in about the same proportions between 30° and
40°S in the Tasman Sea and east of the North Island of New Zealand. The size range of
the catch is about the same in the fishing areas south of 40°S in the West Wind Drift, but
the proportion of individuals over 130 cm (adults) is larger in the West Wind Drift areas.
Shingu (1978) presented length-frequency distributions for southern bluefin caught east
and west of South Africa (south of Madagascar and southwest of Cape Town). In the
former area, individuals under 130 c¢m constitute the majority, while those over 130 cm
are more prevalent in the latter area, The length-frequency distribution from the area
southwest of Cape Town is remarkably similar to that of the longline catch from Area 4
in Figure 1 (Shingu, 1978). Graphs of yearly and monthly changes in the length
frequencies and weight frequencies of the catch in the major fishing grounds are shown
by Mimura (1962), Hynd (1965), and Shingu (1965, 1967, 1970, and 1978).

In spite of the fact that several researchers have noted a declining age at first
capture, Suda (1973a) states: "There appears [to be] only [a slight] decrease [in the] size
of fish in the commercial catch from various sectors of the longline fishing grounds,
probably due to the age-dependent-segregation, which brings [about thel occurrence of
particular age groups in different parts of the fishing ground." His values of mean weight
per fish in the longline catch are shown in Table 3 for the 1957-58 to 197 1-72 seasons,

Murphy (1977) states that the largest southern bluefin ever observed was 188 cm
long (about 277 lb or 126 kg). Goadby (1970) states they reach 500 1b (227 kg). The
Japanese have authenticated southern bluefin over 2 m in length (Hearn, 1980). The
IGFA all-tackle world record southern bluefin, caught at Hippolyte Rock, Tasmania,
Australia, in May 1979, weighed 256 1b, 13 oz (116.5 kg) (Anonymous, 1980¢).

Length-weight relationships calculated by several investigators are shown in Table
4, Warashina and Hisada (1970) reported that when southern bluefin reach about 130 ¢m
in length the relationship between body length and weight changes, weight increasing
faster that length (Shingu, 1978). They found distinct length-weight relationships for
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"fat" and "lean" fish. "Lean" fish appear in the catch during or just after the spawning
season. Their lean condition is assumed to be due to the energy in the muscle fat
reserves having been utilized in developing the gonads prior to spawning. Shingu (1978)
presents a brief examination of length-weight relationships based on data from 1977.

4,2 Abundance and density

Catch per unit of fishing effort (CPUE) data can provide an index of abundance
and/or density of a species of fish if its vulnerability to the fishing gear does not vary
with time.

Densgity indices in terms of the Japanese longline catch per 100 hooks per day
{henceforth referred to as catch per 100 hooks or hook rate) for the 1952-53 to 1975-76
seasons are presented in Figure 10. In all seven of the fishing grounds (Figure 1) included
the density indices have shown a declining trend. The mean density of spawning adults
has been decreasing since 1959. The density indices on the spawning grounds (Areas 1
and 2) during the 1968-69 season were 10 percent below the values in the early years of
the fishery (Shingu and Hisada, 197 1; Hayashi, 1974). Warashina and Hisada (1974) show
that the hook rates continued to decline gradually through the 1972-73 season in all areas
except Areas 3 and 9. The trend has continued; Shingu and Hisada (1979) note that the
longline catch per 100 hooks in recent years is arcund /6 to /7 of that in the 1959-60
season. The decline is most apparent in areas where large fish are caught (Kikawa et al.,
1968; Shingu and Hisada, 1971 Suda, 1973a and 1974; Warashina and Hisada, 1974).
Shingu (1978) discusses in detail the historical changes in hook rates which took place in
the fishing areas included in Figure 10,

In Figure 11 is shown the CPUE in terms of yield per boat-half-month in the
Australian surface fishery for the 1963-64 to 1972-73 seasons. The abundance of juvenile
southern bluefin caught in the South Australia and New South Wales fisheries does not
show the same long-term declining trend mentioned above.

De Jager (1963) and de Jager et al. (1963) reported that southern bluefin are most
abundant off South Africa during the winter and spring when no upwelling was evident.,

4,3 Natality and recruitment

Investigators of the southern bluefin fishery have been concerned that the reduced
abundance of spawners (Section 4.2) might result in decreased recruitment, However, a
fairly stable CPUE for juveniles in the Australian surface fishery indicates that the
recruit ment has not been affected (Suda, 1971, 1973a, and 1974; Hynd and Lucas, 1974;
Murphy, 1977; Hisada et al., 1978) (Figure 11).

Southern bluefin appear to be fully recruited to the surface fishery at 2.5 years of
age and to the longline fishery at age 5 {(Hayashi, 1974; Hynd and Lucas, 1974; Lucas,
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1974; Anonymous, 19T74d and 1975¢). Murphy and Sutherland (1980) state that they
appear to be fully recruited to the longline fishery only from age 7 onward,

Estimates of the mean recruitment to both fisheries are presented in Table 5.
Yearly changes in the estimates of longline recruitment for the 1958-59 season to the
1970-197 1 season are shown by Hayashi (1974: Table 4 and Figure 2). In the 1959-60 and
1960-6 1 seasons recruit ment to the longline fishery was at its peak. It was followed by a
decline to a low in the 1965-66 season. Hayashi (1974) attributes this partly to an
increase in the catch of age-d4 and younger fish in the surface fishery. In subsequent
years recruitment showed moderate random fluctuations, but no downward trend
(Hayashi, 1974; Lucas, 1974; Suda, 1974; Murphy, 1977; Hisada et al., 1978).

4,4 Mortality and morbidity

Hayashi et al. (1969) and Suda (197 1), based on information on the life span of the
southern bluefin and the life spans and annual instantaneous natural mortality
coefficients (M) of other species of fish, assumed that M for southern bluefin is about
0.2. Hayashi et al. (1972) assumed that M is 0.2 for fish up to age 7, 0.6 for 8-year-olds,
and 1.0 for fish 9 years old and above, based on their estimates of the annual
instantaneous total mortality coefficients (Z).

Hayashi et al. (1972}, using age composition and effort data, made a number of
estimates for Z and for the annual instantaneous fishing mortality coefficient (F). They
used age composition data to estimate an average value of Z of 1.53 for 8~ to 10-year-old
fish caught during the 1958-59 to 1968-69 seasons. Murphy and Sutherland (1979), using
the semigraphical method of Gulland (1969) with tagging data, estimated Z for the 2- to
5-year-olds caught in the surface fishery and for the 7- to 1i-year-olds utilized by the
longline fishery to be 0.73 and 0.30, respectively, They later used newly calculated
growth parameters (Table 2) to arrive at slightly lower estimates of Z, 0.71 and 0.25,
respectively (Murphy and Sutherland, 1980). The estimate of Z for the 2- to 5-year-olds
includes an unknown factor of emigration from the areas where the surface fishery
operates to those where the longline fishery operates. It did not appear to them that Z
had increased significantly during the 1960,

Hayashi (1974) reviewed the work of Hayashi et al. (1972), and concluded that the
estimates of F were too high, due to the fact that after 1968 the effort in the Oki fishing
area had shifted from southern bluefin to bigeye and due to a decrease in the age at first
capture of southern bluefin. His estimates of F range from 0.1911in the 1958-59 season
to 1.514 in the 1969-70 season. His estimate of 1.23 x 1078 for the coefficient of
catchability (q) was only about half the estimate of 2.21 x 10‘8 calculated by Hayashi et
al. (1972). Hayashi (1974) explains that it is reasonable to assume that the F's in recent
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years had reached 1.5, but the recapture of tagged fish after up to 10 years at liberty
indicate that the F's may be lower.

Lucas (1974), using a cohort analysis with tagging data, and employing M values of
0. 15, 0.20, and 0.25, estimated F to be 0,114, 0.108, and 0. 102, respectively, substantially
lower that the estimates of Hayashi (1974)., Murphy and Sutherland (1980) also employed
a cohort analysis with tagging data. However, noting that the results of cohort analyses
are quite sensitive to the growth curve used to allocate the catch to age classes, they
utilized a new set of growth parameters (Table 2). They estimated F's for the 2-to 5-
year-olds and 7-to 14-year-olds as 0,10, and 0. 15, respectively, using an M value of 0,20,

Hynd (1965) and Murphy (1977) agree that tagging causes little or no mortality of
southern bluefin,

4,5 Dynamics of the population

If mathematical models are to be applied to a fishery for population dynamics
studies it is first necessary to determine the stock structure of the population in
question. Some workers in the 1960's hypothesized the existence of two or three stocks
of southern bluefin, based of the fact that catches of young fish are composed of more
than one modal size group (Robins, 1963; Hynd, 1965 and 1969). However, morphometric
studies carried out by Shingu and Warashina (1965) showed no morphological differences
in 130-to 170-cm fish caught off northwestern, southern, and southeastern Australia and
off New Zealand, and blood grouping studies have failed to show any differences in fish
caught in different area-time strata (Hynd, 1969). Studies of serum esterase and
transferrin of southern bluefin are described in Section 3.36. It is now generally
accepted that the population of southern bluefin is composed of a single stock
(Anonymous, 1969b; Shingu, 1970 and 197 1; Lucas, 1974), and the studies described below
are based oﬁ that assumption.

Only the yield-per-recruit model (Beverton and Holt, 1957; Ricker, 1975) has been
applied to southern bluefin. The biomass of individuals of unexploited southern bluefin
reaches a maximum of about 15.5 kg per recruit at 8 years of age (Hayashi and Kikawa,
1970; Hayashi et al., 1972) (Figure 12). The yield per recruit at various combinations of
fishing mortality and age at first capture are shown in Figure 13, The yield per recruit
reaches a maximum of about 15 kg for a fishery taking 7-year-old and older fish at a
fishing mortality coefficient (F) over 2.0. The status of the longline fishery in the 1967~
68 and 1969-T0 seasons are indicated by dots on Figure 13, The ages at first capture and
F for 1967-68 and 1969-70 were approximately 6.4 years and F = 2.4 and 6,0 yearsand F
= 2.4, respectively. It is apparent that the model is sensitive to changes in age at first
capture. The reduction in age at first capture from 6.4 to 6.0 years in 1969-70 and to a
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low of 5.5 years in 197 1-72 (Table 3) may have also reduced the yield per recruit from
just under 15 kg to just under 14 kg. The model shows that the yield does not change
much with levels of F at 0.5 and above, providing the age at first capture stays fairly
constant (Anonymous, 1972b), and according to Suda (1974) reducing the effort by as
much as 5 x 107 hooks would probably not appreciably reduce the catch, Likewise, an
increase in longline effort would not be expected to result in increased catches, Thisis
also apparent from an empirical examination of the historical relationship between catch
and effort in the longline fishery (Section 5.4). The yields per recruit at various levels of
F for four fisheries are shown in Figure 14. The data indicate that increasing F by
increasing the effort would not substantially increase the yield per recruit (Suda, 1974).
It is also apparent from Figure 14 that exploitation of younger fish may reduce the yield
per recruit. According to Suda (1974), the matter of concern is how to keep the amount
of recruitment at or above its level at that time. The yield-per-recruit model was
utilized by Murphy and Sutherland (1980) based on newly calculated growth parameters
for the von Bertalanffy equation. Analysis of their results indicates that 'yield per
recruit maximizes at unattainably high rates of fishing mortality and an age of first
capture that would eliminate the Australian fishery."” At the level of F calculated by
Murphy and Sutherland (1980) only a 13 percent gain in yield would result by eliminating
the Australian surface fishery to increase the age of first capture to U years.

The relative stock fecundity is the fecundity of the stock in question relative to
fecundity of that stock in its unexploited state. This is also shown in Figure 13. It is
apparent that the relative stock fecundity is more sensitive to the age at first capture
than to fishing effort at coefficients of fishing mortality greater than 1.0.

Hayashi et al. (1972) have examined the yields per recruit and relative stock
fecundities which would resuit from various combinations of surface and longline fishing
mortality (Figure 15). It is obvious that the yield per recruit and relative stock fecundity
are greater with greater longline fishing effort and lesser surface fishing effort than the
reverse. On the basis of this figure Anonymous (1972b) and Hayashi et al. (1972)
recom mended that the relative stock fecundity be maintained at at least 20 percent, In
Section 4.3, however, it was shown that the recruitment has been fairly constant even
though the relative stock fecundity has decreased to less than 10 percent during the
1969~70 season (Figure 13).

Lucas (1974) used the yield-per-recruit model to examine the interactions between
the surface and longline fisheries, His results show theoretical changes in the relative
vields of both fisheries at different levels of natural mortality and effective fishing
mortality. Table 6, compiled by Anonymous (1974d) sum marizes Lucas's results at an M
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of 0.2. The yields of both fisheries are sensitive to changes in fishing mortality, but not
to changes in natural mortality (Anonymous, 1974d).

Murphy (1977) used new growth estimates based on tagging data in a yield-per-
recruit model to see if the catching of 2-year-old fish is reducing the yield in the
Australian surface fishery and Japanese longline fishery, He simulated the results with
ages at first capture of 2 and 3 years, and showed that, at the most likely value of
natural mortality (0.2), the yield-per-recruit is only 14 percent greater when fishing
starts at age 3 than when it starts at age 2 (Table 7). Another analysis by Murphy (1977)
indicated that increasing the age at entry to the surface fishery from 2 to 3 years would
result in only a 5~percent increase in yield to that fishery alone.

No production model analysis has been attempted for southern bluefin, but
Anonymous (1969b) and Suda (1973a and 1974) have estimated its maximum sustainable
yield to be 35,000 to 40,000 metric tons.

4,6 The population in the com munity and the ecosystem

There is no specific information available on this subject.

5 EXPLOITATION

5.1 Fishing equipment

Accounts of the early development of the southern bluefin fishery are given by
Shingu {(1978) and Murphy (1979). The fishery began in Australia in 1938 off the coast of
New South Wales, but trolling was the only fishing method used until 1951, Live-bait
fishing was introduced in that year with the government charter of a U.S. tuna clipper,
but the new method did not gain popularity until 1962. Japanese longline vessels began
fishing operations for southern bluefin in 1952 in the Oka fishing ground followed by the
North New Zealand area (Area 5 in Figure 1) in 1957 and the Oki fishing ground in 1958
(Shingu 1970 and 1978; Shingu and Hisada, 197 1). Most of the longline effort has been by
Japanese vessels, but vessels from the Republic of China and the Republic of Korea have
alse landed southern bluefin (Anonymous, 1972b and 1974d). A purse-seiner was used in
the Australian fishery in 1966 (Anonymous, 1968b), though apparently for only one
season. Purse seining was reintroduced in 1974, and from then until the end of the 1976~
77 season the number of active purse seiners varied from one to four,

The following description of Australian vessels and gear is from Anonymous ( 1968b)
and Pownall (1979) unless otherwise indicated. Trolling vessels make up only a small part
of the Australian fleet, and they direct their effort primarily at species other than
southern bluefin., They are diesel-powered boats ranging in length from approximately 20
to 50 feet (6 to 15 m) and utilize a crew of one to three. The gear consists of up to 10
lines, varying in length from about 2 to 25 fathoms (4 to 46 m). They are towed from
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outrigger booms and from the stern of the boat. Additional information on trolling is
given by York (1979).

Baitboats are generally larger than trollers, though vessels as small as 24 feet (7 m)
have been used for live-bait fishing. The minimum-sized vessels considered suitable for
bait fishing are 40 feet (12 m) on the east coast of Australia and 50 feet (15 m) on the
coast of South Australia, where the fish are generally found further offshore. The
largest baitboats operating in Australia in 1968 were appoximately 100 feet (30 m) in
length. Baitboats are diesel-powered, are equipped with modern electronic navigation
and fish-locating aids, and utilize a crew of three to eight men., A smalllampara net, in
conjunction with a powerful lamp, is used to catch bait. According to Murphy (1979), "At
least 20 species of fish are used for live bait, but the preferred species are yellowtail and
pilchard.," Bamboo poles up to 10 feet (3 m) in length are used in conjunction with a line
that is a few feet shorter than the pole and a feathered jg or "squid." Live baitfish are
placed on unfeathered hooks when the fish are not biting well on the squids (Murphy,
1979). Light aircraft are used extensively to locate schools of southern bluefin for the
baitboats (Murphy, 1979).

The purse seiner used in the Australian fishery in 1966 was a 135-foot (4 +m)
diesel-powered boat with a capacity of 450 short tons (408 metric tons) of fish. It was
equipped with a nylon net 525 fathoms (960 m) long and 40 fathoms (73 m) deep. No
information is available on the purse-seine gear used in the 1970'%. Murphy (1979) states
that most of the catches by purse seiners during the 1977-78 season were made on
schools held at the surface by baitboats.

Details of longline gear are available from Shapiro (1950), Shimada (195 1b),
Kanasashi (1960), Anonymous (1965a), Rothschild and Uchida {1968), Suzuki, Warashina,
and Hisada (1977), and York (1979). According to Suda (1973b) and Murphy (1979), the
Japanese fishery utilizes lines up to 100 km long bearing up to 2,000 hooks. Each line is
made up of 300 to-400 "baskets" fastened end to end, each of which contains a main line
of varying lengths and four or five branch lines and hooks. They are set and hauled once
per day.

5.2 and 5,3 Fishing areas and fishing seasons

The seasons during which southern bluefin are caught are commonly given as a
combination of two calendar years, such as 197 1-72. They are considered to begin in
April of one year and end in March of the next year.

The following, taken from an English translation of Shingu and Hisada (197 1), is an
account of the historical expansion of the longline fishery during its development:
"Through 1965, Japan's longline boats fished mainly for adult fish in the spawning period
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(August-April) in the offing northwest of Australia and for im mature fish the season
when they moved north (May-October) in the offing southeast of Australia. But, from
1966 on, the boats moved out into the area of the West Wind Drift in the Indian and
Atlantic Oceans and caught feeding adults and im mature fish throughout the year. The
main fishing grounds in the 1968-69 fishing season were in the offing south of Africa, in
the south-central Indian Ocean, in the vicinity of Tasmania and in the offing east of New
Zealand. The size of the fishing grounds was nine times that of the 1957-58 fishing
season" (Table 8).

The principal areas where the surface and longline fisheries catch southern bluefin
are shown in Figure 1, The seasons and age groups associated with each area are listed in
Table 1. Much of what is known on this subject is presented in Section 3.51 in the
discussion of seasonal migration patterns. More details outlined by Shingu (1978) are
presented here. The two principal areas for the surface fishery are along the coasts of
South Australia and New South Wales, Australia, A small fishery for 2-year-olds occurs
off Albany, Western Australia, in June and July, but was not discussed in detail by Shingu
(1978). At the beginning of the southern winter the fishing is concentrated in the
southern part of the New South Wales fishery, The fish begin to move northward during
June and July., After September catches are made progressively southward, and in
December the fish reach the waters off northeastern Tasmania. Peak catches in the New
South Wales area are made during December, utilizing the southerly migrating
individuals. Better catches are made during the trip south because the fish aggregate to
form schools that can be caught by baitboats and purse seiners, whereas during the period
of the northerly migrations individuals are scattered. The South Australia fishing season
begins around January, following the close of the New South Wales season. Peak catches
occur during February to April, and the season ends by May.

Shingu (1978) presented graphs depicting the distribution of hook rates of southern
bluefin by the longline fishery during four seasons averaged over the years 1967 to 1972.
Some areas produce catches all year and others most of the year. However, on
examining Shingu's graphs a pattern of south-north and east-west expansions and
contractions of fishing areas reflecting seasonal movements of southern bluefin is
evident.

5.4 Fishing operations and results

5.41,5.42, and 5.43 Effort and intensity, selectivity, and catches

Suda (1974) claims that southern bluefin is the most heavily exploited of the
tunas., Catch statistics in numbers of fish and in metric tons are presented in Table 9 for
the New South Wales and South Australia fisheries and in Table 10 for the Western
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Australia fishery. (Additional data are given by Robins (1975).) The total Australian and
Japanese longline catch statistics for 1949 to 1977 are presented in Table 11. The cateh
by other countries is small, insignificant, or significant but unknown. The following
countries have reported catch or are assumed to have caught southern bluefin, according
to Anonymous (19711979 and Klawe (1978): Argentina, Republic of China, Federal
Republic of Germany, Indonesia, Republic of Korea, New Zealand, Poland, and South
Africa. The Japanese and Australian catches are shown graphically in Figure 16. The
Australian catch has shown a continual increasing trend, while that of Japan has declined
since 1961, The Australian surface catch in number of fish has surpassed the Japanese
longline catch since 1968, reaching a high of approximately 1,400,000 fish in 1977 (Figure
16). However, the longline fishery has always had a higher yield in weight.

The amount of effort in standard boat half months in the New South Wales and
South Australia surface fisheries up to 1974 is included in Table 9. According to
Anonymous (1974d), the total number of boats operating in the Australian surface fishery
has fluctuated directly with the apparent abundance of the fish, but the number of
standard boats has remained fairly constant on the average. Another measure of effort,
the number of Japanese longline vessels operating in major fishing areas, is shown in
Table 12.

Catches and effort by Japanese longline vessels in eight areas from 1957-58 to
1969-T0 are shown in Figure 17. Shingu and Hisada (197 1) called attention to the fact
that the importance, in terms of catch and effort, of the Oka, 0Oki, and north New
Zealand fishing grounds (Areas 1, 2, and 5), which were the first areas to be exploited by
the longline fishery, has declined each year. However, the fishing grounds in the West
Wind Drift (Areas 6, 7, 8, and 9), which have been developed more recently, have become
increasingly important. In a more recent account, Shingu (1978) states that since 1969
longline effort has declined in areas where primarily large fish are caught (Areas 1, 2,
and 8), whereas it has increased in areas where small fish and mixed large and small fish
are caught (Areas 4, 5, 6, 7, and 9). Up to the 1967-68 season the catch in Areas 2 and 8
exceeded that in all other areas. However, since 1968 the cateh in Areas 2 and 8 has
decreased and that in Areas 7 and 9 has increased markedly (Shingu, 1978). This is also
apparent in Figure 10.

The historical relationships between catch and effort for the surface and longline
fisheries are shown in Figure 18. (There is some lack of agreement between Figures 17
and 18, perhaps due to the more recent figure (18) having been updated.) Japanese
longline effort for southern bluefin increased slowly at first, while catch rose at a higher
rate. By 1961 the catch reached its all-time peak of 1.2 million fish (over 74,000 metric
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tons) caught on only about 33 million hooks., After 1961 catch and effort fluctuated
somewhat, resulting in an abrupt decline in catch to about 750,000 fish and a slight
increase in effort to about 35 million hooks in 1964, (The catch by weight is given in
Table 11.) After 1964, with the expansion of the fishing grounds (Shingu, 1978), longline
effort rose rapidly to about 85 million hooks in 1968, with an increase in catch of only
about 150,000 fish. The growth of the longline fishery slowed somewhat after 1969, at
least partly due to the implementation of a regulatory program (Section 6) (Shingu and
Hisada, 1979). Effort fluctuated between 88 and 110 million hooks between 1970 and
1977, but catch has continued to decline. Some longline effort has shifted in recent
years to the Atlantic bigeye and northern bluefin fishing grounds (Anonymous, 1975¢).

6 PROTECTION AND MANAGEMENT

In the late 1960's it was believed by many scientists that the level of fishing was
reducing the spawning stock and level of recruitment of southern bluefin., Stock
assessment studies were begun, stimulated by the poor catch of the autumn of 1968
(Anonymous, 1972b). The investigators believed that it was necessary to keep the
longline fishing mortality coefficient and age at first capture along or above the contour
corresponding to 20 percent relative stock fecundity (Figure 13), for reasons explained in
Section 4.5 (Anonymous, 1972b; Hayashi et al., 1972). Three different management
schemes were considered to bring the fishery from conditions corresponding to the 1967~
68 point in Figure 13 to those which correspond to the 20 percent contour or above. One
scheme was to reduce the fishing mortality coefficient (F)to 1.2 1, while keeping the age
at first capture constant at about 6.4 (Figure 13, point A). This would have necessitated
reducing the fishing effort by about one-half. This measure was preferred by Anonymous
(1972b), but it would have caused hardship to the fishing industry. The second scheme
entailed keeping F at the 1967-68 level, but raising the age at first capture to about 7
years (Figure 13, point B). This would have required closing all fishing areas in which
immature fish are caught. This also would have caused hardship to the industry, though
not as much as the first measure., Furthermore, large adults are not consgidered to be of
good quality for raw consumption as "sashimi" by the Japanese, After spawning the fat
reserves in the muscle are depleted (Warashina and Hisada, 1970), which lowers their
market value (Anonymous, 1972b; Hayashi et al., 1972). The third scheme was a
combination of the first two, that is, the fishing effort would be reduced somewhat while
increasing the age at first capture. This would have required the closing of areas and
seasons. Hayashi et al. (1972) considered this to have been the best proposal of the

three,
The management proposal submitted by the Federation of Japan Tuna Fisherman's
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Cooperative Associations and the Japan Tuna Fisheries Federation resembled the second
measure mentioned above, The Federations chose to implement a voluntary regulatory
program for the longline fishery involving the closure of certain areas during seasons
when 5-year-olds and younger juveniles, as well as spawning adults, aggregate
(Anonymous, 1972b). The areas and seasons of closure are shown in Figure 19. The
program was put into effect on October 1, 197 1. Scientists recom mended, in addition to
the regulatory program, that fishing be directed toward bigeye instead of southern
bluefin in the Indian and Atlantic Oceans (Suda, 1973a).

Although the effect of the regulations is not yet apparent, it is likely that they
have prevented the age at first capture from declining below the 197 =72 level of 5.54
(Hayashi, 1974; Warashina and Hisada, 1974; Hisada et al., 1978). The relative abundance
of adults and the relative stock fecundity have continued to decline (Figure 20), and the
yield-per-recruit has not increased (Anonymous, 1974d).

The Australian government has implemented some restrictions on the numbers of
purse seiners and baitboats allowed to fish for southern bluefin., In 1976 it was decreed
that the number of purse seiners to be licensed would be limited to four, the number that
fished in the 1974-75 season (Anonymous, 1975e; Murphy, 1979). The areas affected are
shown in Figure 21. The same restrictions were extended to baitboats in 1977 (Murphy,
1979), though no areas were mentioned. The Australian government has recently
announced intentions to ban all longline fishing in a 48,000 square mile area off northern
Queensiand effective October 31, 1980 in an effort to preserve the sport fishery for
black marlin (Anonymous, 1980g). Anonymous (1968b) reports that Australian state
regulations control the netting of small fish species used for bait. Occasionally
Australian canneries refuse to buy southern bluefin under 5 kg in weight (Murphy, 1979).

7 CULTURE
No information is available on this subject.
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TABLE 1. Principal fishing seasons and age groups of southern bluefin caught in nine
fishing areas (Figure 1) (after Shingu, 1970 and 1978; Shingu and Hisada, 1971; Suda,
1971; and Murphy, 1979). Shingu (1970) states that spawned-out adults im migrate
into Areas 4, 5, and 6 in the southern winter. It is not known which age groups are

involved.

Principal
Age groups Characteristics
Fishing areas Locality in catch  months of of catch
fishing
1. Oka fishing ground 50-200°s 6-13 Aug.-Mar. spawning
90°-130°E adults
2. Oki fishing ground  20°-35°s 6-10 Aug.-Apr. spawning
80°-120°E adults
3. South Australia north of 40°S  2-5 Dec .—~May juveniles
120°-140°E
4. New South Wales- 25%-40°s 2-7 Apr.-Dec.l  juveniles and
Tasman Sea 140°-170°E Sep.-Jan. adults
5. North New Zealand 259-40°s 4-10 Apr.-Sep. juveniles and
170°E~170% adults
6. South New Zealand 40°-50°s 4-10 Mar.-Nov. juveniles and
170°E-170% adults
7. Tasman Sea- south of 40°S  4-13 Apr.-May juveniles and
West Wind Drift  120°-170°E Nov.-Jan. feeding adults
8. Indian Ocean- south of 35°S  4-13 all year juveniles and
West Wind Drift 50°-120°E feeding adults
9. South Africa off Cape of 3-8 all year juveniles and
Good Hope feeding adults
0°-50°E
1. Shingu and Hisada, 1971

2. Murphy, 1979
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TABLE 2. Parameters of the von Bertalanffy growth equation for southern bluefin estimated by various investigators and lengths
at the first through tenth hirthday anniversaries calculated from these.

von Bertalanffy

02

Source Method growth parameters Sample Age
Loo K ty size 1 2 3 4 5 6 7 8 9 10
Shingu length  222.5 0.140 0.011 — 28.8 54.1 76.1 95.2 111.8 126.3 138.9 149.8 159.3 167.5
(1970) frequencies
{data from
Robinsg, 1963)
Shingu tagging 187.4 0.149 0.021 - 25.4 47.9 67.2 83.8 98.2 110.6 121.2 130.3 138.2 145.0
(1970)
Yukinawa scales 219.7 0.135 0.040 1025 26.7 51.1 72.4 91.0 107.2 121.4 133.8 144.7 154.2 162.4
(1970)
Hynd and length  220.0 0.150 =—- - 30.6 57.0 79.7 99.3 116.1 130.6 143.0 153.7 163.0 170.9
Lucas frequencies
(1974)
Lucas tagging 171.5 0.187 0 <105 29.3 53.5 73.6 90.3 104.2 115.7 125.2 133.1 139.6 145.1
(1974)
Murphy tagging 180.8 0.146 -0.011 2578 24.8 46.0 64.3 80.2 93.8 105.7 115.9 124.7 132.3 138.9
(1977)
Hearn tagging 178.6 0,117 -0.010 629 29.2 53.4 73.7 90.7 104.9 116.8 126.8 135.2 142.3 148.1
(1979)
Murphy and tagging 211.6 0.122 -0.410 844 33.4 53.9 72.0 88.0 102.2 114.8 125.9 135.8 144.5 152.2
Sutherland

(1980)




TABLE 3. Mean age and weight of the catch (in kilograms) and mean age at first
capture of southern bluefin in the Japanese longline fishery for the 1957-58 to
1976-77 seasons (after Shingu and Hisada, 1971; Hayashi et al., 1972; Suda,
1973a and 1974; Hisada et al., 1978). The values in parentheses are from Suda
(1973a and 1974). T

Season Mean age  Mean age at Mean weight
of catch first capture of catch
1957-58 6.75 5.82 49.73
1958-59 7.20 6.63 55.06
1959-60 7.22 6.71 55.10
1960-61 7.60 7.02 59.82
1961-62 7.35 6.69 56.76
1962-63 7.31 6.67 56.37
1963-64 6.98 6.47 52.26
1964-65 7.02 6.49 52.71
1965-66 6.86 6.28 50.91
1966-67 6.80 6.17 50.19
1967-68 7.37 6.43 57.23
1968-69 7.10 (6.88) 6.07 (5.88) 51.44
1969-70 6.98 6.02 52.60
1970-71 6.99 6.22 52.90
1971~72 6.49 5.54 46.98
1972-73 5.70
1973-74 5.60
1974~75 5.90
1975-76 6.20
1976-77 5.80
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TABLE 4. Length-weight relationships of southern bluefin based on the equation
W= aLb, where W = weight in kilograms and L = length in centimeters.

Area a b Source
Australia 3.13087 x 10™>  2.9058 Robins, 1963
South Africa (males) 6.39400 x 1072  2.9200 de Jager, 1963
South Africa (females) 4.83100 x 107>  2.9800 de Jager, 1963
Southeastern Indian Ocean 1.01625 x 107>  3.1150 Shingu, 1970
Southwestern Pacific Ocean 0.94624 x 102 3.1200 Shingu, 1970
“"Fat” fish from Tasman Sea, 0.05392 x 1072  3.7232 Warashina and

West Wind Drift, and Indian Hisada, 1970
Ocean southwest of Australia
"Lean" fish from Oka and Oki 0.29420 x 107  3.3438 Warashina and
fishing grounds Hisada, 1970
Australia, longline catch 2.65000 x 1072  2.9400 Hynd and Lucas,
1974
West coast of New Zealand 110.70000 x 107>  2.1096 Webb, 1974
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TABLE 5. Estimates of mean recruitment (in millons of fish) to the southern
bluefin surface and longline fisheries averaged over various time periods,

Calculated .
Fishery average recruits  Years Basis Of Source
per year calculation
surface 3.70 1972-1974 catch equation Anonymous, 1974¢
surface 4,09 1963-1968 yield (weight) Hynd and Lucas,
‘ 1974
3.30, M = 0,15
surface 3,70, M= 0,20 1962-1974 catch (numbers)  Lucas, 1974
4.10, M = 0.25
surface 5.0-6.0 1955-1968 cohort analysis Murphy and
cohorts Sutherland, 1980
longline 1.51 1958-1970 catch (numbers)  Hayashi, 1974
longline 1.78 1958-1970 yield (weight) Hayashi, 1974
longline 1.91 1963-1968 catch (numbers)  Hynd and Lucas,
1974
longline 1.70 - catch (numbers)  Lucas, 1974
longline 1.30 "recent years" catch (numbers) Anonymous, 1975¢
longline 1.50 "recent years"” yield (weight) Anonymous, 1975¢
longline 1.20 1952-1961 cohort analysis Anonymous, 1975¢
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TABLE 6. Southern bluefin equilibrium yield allocations (in thousands of metric
tons) for several hypotheses about the relative magnitude of the Australian
surface fishery and the Japanese longline fishery with M = 0.2 (from
Anony mous, 1974b, after Lucas, 1974).

Longline Surface £ 1 L 11 2 tal
fishing mortality fishing mortality S;;eige osfelge izeid
coefficient coefficient

0.50 0.00 0 65 65

0.11 9 50 59

0.25 18 35 53

0.11 0.00 0 58 58
0.06 9 50 59

0.13 18 42 60

1. Recent mean annual catch is 9,000 metric tons.
2. Recent mean annual catch is 50,000 metric tons.

TABLE 7. Yield per recruit of southern bluefin (in kilograms) for a constant M of
0.2 with ages at flrst capture of 2 and 3 years and various fishing mortality
coefficients (from Murphy, 1977).

F Age at first capture

2 3
0.01 1.2 1.2
0.05 4.5 4.5
0.10 6.4 6.7
0.20 7.2 8.1
0.30 6.9 8.2
0.40 6.3 8.0
0.50 5.8 7.6
0.60 5.3 7.3
0.70 4.9 7.0
0.80 4.6 6.8
0.90 4.4 6.6
1.00 4.1 6.4
2.00 3.0 5.4
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TABLE 8. Total area (in number of 5-degree areas along the equator) of the
Japanese longline fishing grounds for southern bluefin from 1957-58 to 1968-
69 (from Shingu and Hisada, 1971).

Season Area
1957-58 30.3
1958-59 47.3
1959-60 66.7
1960-61 62.6
1961-62 63.2
1962-63 73.7

1963-64 101.5
1964-65 109.6
1965-66 142.7
1966-67 213.8
1967-68 241.6

1968-69 283.2
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80¢

TABLE 9. Annual catches of southern bluefin in the New South Wales (upper panel) and South Australia (lower
panel) surface fisherles by boats with significant catches (Iin metric tons) (after Anonymous, 1975¢, and

Murphy, 1979).

Number of Number of oy .joht of  catch per Equivalent Estimated  yu,;per of fish
Year standard half months catch of SB per Annual number of number of per SB per half
boats (SB) Standard . p... poats half month ¢atch  SB half fish month
boats fished months caught
1962 19 73 1,216 16.7 1,383 83 108,000 1,300
1963 12 71 2,447 34.5 2,612 76 199,000 2,620
1964 26 149 1,737 11.6 2,275 195 277,000 1,420
1965 26 108 2,088 19.3 2,356 122 187,000 1,530
1966 21 103 1,979 19.2 2,144 112 168,000 1,500
1967 30 166 3,536 21.3 3,729 175 388,000 2,200
1968 41 289 4,541 15.7 5,438 346 676,000 1,950
1969 37 285 5,388 18.9 5,754 304 666,000 2,190
1970 29 207 3,041 14.7 3,614 246 472,000 1,920
1971 28 195 2,982 15.3 5,036 329 446,000 1,360
1972 32 177 3,455 19.5 6,138 314 376,000 1,200
1973 23 93 1,541 16.6 1,812 109 76,000 700
1974 30 175 3,036 17.3 5,339 308 336,000 1,090
1975 2,465 240,000
1976 308 32,144
1977 4,314 234,259

1978 4,851




TABLE 9. (continued)

60¢

Number of NumDET Of yejone of  Cateh per Equivalent  Estimated  yypper of fish
Year standard helf months ... . o f SB per Annual number of  number of .. gp per half
boats (SB) standard these boats half month catch SB half fish month
boats fished months caught
1963 21 122 3,301 27.1 3,591 133 233,000 1,750
1964 20 160 5,510 34.4 5,510 160 394,000 2,460
1965 23 152 4,703 31.0 4,770 154 290,000 1,880
1966 33 185 5,975 32.3 5,995 186 425,000 2,290
1967 28 190 3,386 17.8 3,428 192 244,000 1,270
1968 25 180 2,939 16.3 2,946 180 257,000 1,430
1969 21 133 3,221 24,2 3,257 134 500,000 3,730
1970 12 77 1,820 23.6 1,893 80 321,000 4,010
1971 26 141 2,793 19.8 2,819 142 327,000 2,300
1972 20 138 4,236 30.7 4,377 143 404,000 2,830
1973 32 221 6,540 29.6 6,839 231 501,000 2,170
1974 39 295 6,792 23.1 6,989 304 750,000 2,470
1975 4,842 599,000
1976 6,938 865, 500
1977 8,649 1,159,691

1978 4,934 742,394




TABLE 10. Catches of southern bluefin from the Western Australia surface fishery
(from Murphy, 1979).

Catch

Year Metric tons Numbers (in

thousands)
1969 299 69
1970 708 189
1971 600 121
1972 758 129
1973 310 64
1974 321 65
1975 743 129
1976 289 56
1977 943 208
1978 1999 375%

* estimate
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TABLE 11. Catches of southern bluefin by the Australian and Japanese fisheries in
thousands of fish and in metric tons (from Murphy and Sutherland, 1980).

Australia Japan Total
Year Number Weight Number Weight Number Weight
1949 25 320 25 320
1950 10 122 10 122
1951 2 25 2 25
1952 18 227 7 556 25 783
1953 34 435 49 3,809 83 4,244
1954 48 605 27 2,183 75 2,788
1855 34 435 36 2,915 70 3,350
1956 66 841 186 14,948 252 15,789
1957 77 982 400 21,878 477 22,860
1958 159 2,024 225 12,417 384 14,441
1959 158 2,008 1,032 63,896 1,190 65,904
1960 242 3,072 1,188 75,672 1,430 78,744
1961 268 3,402 1,209 77,491 1,477 80,893
1962 404 5,136 675 40,852 1,079 45,988
1963 432 6,200 1,009 59,200 1,441 65,400
1964 671 7,782 744 42,718 1,415 50,500
1965 478 7,123 721 40,595 1,199 47,718
1966 593 8,137 683 39,607 1,276 47,744
1967 633 7,154 931 59,086 1,564 66,240
1968 934 8,381 828 49,482 1,762 57,863
1969 1,235 9,758 844 49,644 2,079 59,402
1970 987 6,212 699 40,622 1,686 46,834
1971 895 8,451 697 38,120 1,592 46,571
1972 914 11,268 806 39,604 1,720 50,872
1973 645 8,957 651 31,205 1,296 40,162
1974 1,117 13,206 672 33,924 1,789 47,130
1975 968 8,050 441 24,118 1,409 32,168
1976 954 7,535 634 33,714 1,588 41,249
1977 1,616 13,906 536 29,595 2,152 43,501
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TABLE 12, Number of Japanese longline vessels that fished for southern bluefin from 1966
to 1970 in major fishing areas (from Hayashi et al,, 1972), The yield per operation in
the spawning area is included.

Tasman and New Zealand area Southern Indian and Atlantic Oceans
Number of boats Number of boats
1966 1967 1968 1969 1970 1966 1967 1968 1969 1970
January 80 130 100 30 50
February 5 15 100 8 90 45
March 8 35 100 75
April 15 50
May 9 60 100 20 55
June 80 10 80 5 30
July 4 12 65 65 1 50
August 14 250 30 60 30
September 11 14 20 40 30 10
October 10 13 10 4 35
November 3 4 30 100 3 46 20
December 160 60 160 25 10
Spawning ground
Yield per operatiom in
Number of boats metric tons
1966 1967 1968 1969 1970 1966 1967 1968 1969 1970
January 11 200 7 5 1.5 1.5 — 0.5
February 18 15 6 2.0 -— -
March 35 22 20 20 10 3.0 2.0 1.5 —— 0.8
April - 18 10 5 2.0 1.3 - —
May 25 10 10 5 — - 1.0 0.8
June 5 20 1.3 0.5
July 11 60 25 - 1.0 0.7
August 2 250 80 100 7.5 -~ 1.5 0.9
September 2 — 100 100 1.5 1.5 1.8 0.7
QOctober 20 16 90 8.0 —— 1.5
November 100 250 —— 60 2,5 3.5 1.7 1.5
December 120 10 2.0 -

212



SYNOPSIS OF BIOLOGICAL DATA ON THE BIGEYE TUNA, THUNNUS

OBESUS (LOWE, 1839), IN THE PACIFIC OCEAN

Thomas P. Calkins

Inter-American Tropical Tuna Commission
La Jolla, California
1980






1 IDENTITY

2 DISTRIBUTION

2.1
2.2

2.3
2.4

3.1

3.2

3.3

3.4

Total areda......

CONTENTS

Differential distribution....ceeeeeeeeeeececeosssssccossosnnncsss
2.21
2.22 Adults....

Determinants of distributional changes...cieveereeerecrsecanens

Spawn, larvae and juvenilesS.....iieieeescesescsessnsanes

Hybridization...
3 BIONOMICS AND LIFE HISTORY...iiteiteeiieenoecnesnsassaasssnsasssnnsas

Reproduction....

3.
12
13
.14
.15
.16
7

3
3
3
3
3
3

1

Sexuality.

Pre-adult phase.
3.21
3.22
3.25

Adult

3.31
3.32
3.33
3.34
3.35
Nutrition and growbth....eee e ieeesrinneneonoenssssossannenns
3.4
3.42
3.43
3.44

Embryonic phase....eieieeeeereetecsssscasssssssasnaasansns

Larval PhaSE.ceeeeeeeeecececascsosasonssssasesesasscasanscs

Adolescent

Competitor
Predators.

Parasites,

Feeding...

PhasSe.iiieeeeeeesacessessassacssansaasassaans
Seetssessesssassassscesesssosscassasssnssasanas

diseases, injuries and abnormalities.........

219
219
219
219
219
219
219
220
220
220
220
220
221
221
221
221
222
222
222
222
223
223
223
223
223
224
224
225
225
225
226
226’



3.5

Behavior..ieveoensosncneess Cevasereasesseneressotenanenne e
3.51 Migrations and local movementS..veevereieronsverovennnes
3.52 SChOOLiNE e .euieionsnosvoseseesosceesossrrsarssnsansnesns

3.53 Responses to stimuli.....oovveeen. e et e sra s et e erenane

B POPULATION. ..ttt tiitttieetsenssnsenssenesassssscssnsnaseansnssasnss

.1

4,2

4.3
4.4

4.5
4.6

S UCUN . it ettt restneasssnsssnansscessnasonunnonssnanss
.11 SexX ratilo.eeeciiiiiienieecesessosssssnssasacnsssarasanasns
4,12 Age composition..ieiesicsnessocesosossansonesssnansonsasas
4,13 Size CcOmMPOSItiON. e et cerestonsvennsnoasssnsnosssooveses
Abundance and density...ceve.. fhseserersetscasts et e enrosnnn
4.21 and 4.23 Average abundance and average density.,.........
4,22 and 4,24 Changes in abundance and changes in density....
Natality and recruitment........ccovvune. cereiaeraesans PN
Mortality and morbidity..eeveesenrrnnnnnnnsns teserescassanaans
.81 Mortalily ratesS.iiiieiereceecereernsnnsacsaransonosnnnos
4,42 Factors causing or affecting mortalify.veeeeieennenennne
4,43 Factors affecting morbidity.cveieeeercenssvrccsscnvosnes
4,44 Relation of morbidity to mortality ratesS..i.e.evecncsceces
Dynamics of the population..veee i ccerssncvsssosassnsvssnanssss

The population in the community and the ecosystem.....iveeeeess

S EXPLOITATION. . . ittt iitietesnreeseanensnsosensnnsssnsaonannas ceeen

5.1

5.2

503

Fishing equipment....coeveens s ersienanreasaan Cevisrseresaraas
5.11 Gear..veesess et ercarens st seecareonanns Ciecereees
o - - o T o
Fishing area@sS..eceeescscsrsesnerssssssessssssassnsssscassasnssnen
5.21 General geographic distribution..isciviesecveconnsrsascocns
5.22 Geographilc rangeS.uveescavessssssrsassnesesosrscsasssans
523 Deplh PranZeS s e e errecesossssesssosesenterencnecenscsnnns
5.24 Conditions of the groundsS...veseriesicesesescsssoncnsnnns
Fishing 5ea880MS8. it eicseecestssnocorsasossssnsenesonssanssnscns
5.31 General pattern Of SEaSOMNS.sceeersresseesanssosesascnens
5.32 Dates of beginning, peak and end of sSeasonN......oeeveees

5.33 Variation in date and duration of 5€3S0N...icevcvsccceces

227
227
227
228
228
228
228
228
229
230
230
230
231
231
231
232
232
232
232
233
234
234
234
235
235
235
236
236
236
236
236
237
237



5.4 Fishing operations and results......... cheeaen

5.41

Effort and intensity.....

5.42 Selectivity.eeviveevanes
B5eld3 CalCheS.eseeeeveneonensssnnnscasasecsenss herenereeneana
PROTECTION AND MANAGEMENT.....vvvveee

CULTURE,

a0 8t s s s

oooooooooooooooo

LIEECIE B AR AR A A ) e
--------- LI I Y

A s e e s L
oooooooooooo LI I

237
237
239
239
240
241
242
259






1 IDENTITY
The scientific name for the bigeye tuna is Thunnus obesus.

2 DISTRIBUTION
2.1 Total area

The bigeye inhabits the warm waters of the Indian, Pacific and Atlantic
oceans. Bigeye is found across the entire east~west extent of the Pacific
between northern Japan and the north island of New Zealand in the western
Pacific, and from about 40PN to 3098 in the eastern Pacific (Figure 1).
Bigeye has not been reported from the areas along the coast of Mexico and Cen-
tral America between about 10°N and 20°N. Isolated specimens have been
reported from as far north as 47°10'N on the coast of North America (Radovich,
1961; Meehan, 1965). Distribution is discussed in more detail in Sections
5.21 and 5.31,

2.2 Differential distribution

2.21 Spawn, larvae and juveniles

Nishikawa, Kikawa, Honma and Ueyanagi (1978) studied the distribution of
larval tunas based on plankton net tows made during 1956-1975., Figure 2 is
adapted from that paper. These collections indicate that bigeye 1larvae are
more numerous in the western and eastern Pacific and relatively scarce in the
central Pacific, In the western Pacific 1larvae are relatively abundant
between 30°N and 20°S. In the eastern Pacific the area of relative abundance
is between the equator and 20°N. Ueyanagi (1969b) stated that no tuna larvae,
bigeye included, were found adjacent to Central America, which seems to be in
conflict with the distribution shown in Figure 2. However, in Figure 2 the
distribution is plotted by 5-~degree areas of latitude and longitude, and the
presence of larvae in a 5-degree area does not necessarily imply the larvae
are present in all parts of the 5-degree area,

There 1is 1little information on the geographical distribution of
Jjuveniles, but it is assumed that their distribution is similar to that of the
larvae,

2.22 Adults

The differential distribution of adult bigeye is discussed in Sections
2.1, 5.21 and 5,31.

2.3 Determinants of distributional changes

Water temperature, thermocline depth and season appear to be determinants

of distributional change. Bigeye have been reported to occur in water as cold
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as 13° and as warm as 29°C (Alverson and Peterson, 1963). Suda, Kume and
Shiohana (1969) indicated that the optimal temperature range for bigeye is 17°
to 229C, which coincides with the temperature range of the permanent thermo-
cline, In the eastern Pacific, off Peru and Chile, there appears to be a sea-
sonal migration of bigeye to the south during the southern summer (Sandoval
T., 1971). In 1963 sea-surface temperatures 2° to 39C higher than normal in
the eastern Pacific along the equator coincided with an equatorward shift in
the distribution of bigeye (Kume and Schaefer, 1966).

In tropical waters in the western and central Pacific major concentra-
tions of bigeye occur not in the surface layer, but in or just below the per-
manent thermocline. There, concentrations of bigeye do not coincide with the
occurrence of areas of high primary productivity which are found largely in
the surface layer. In the eastern Pacific the thermocline rises toward the
surface and bigeye, especially larger ones, are found nearer to the surface
(Suda, Kume and Shiohana, 1969). Nakamura (1969) suggested that bigeye and
other species of tunas stay with particular water masses or current systems
during each phase of life, That is, they may be in one current system as
immature fish and in another as spawners. For example there are two major
longline fishing grounds for bigeye in the Pacific; the first is centered
around 309N and the other is in the equatorial area (see Section 5.2). The
fish in the northern area are sexually inactive, young adults and spent spawn-
ers, while the bigeye in the equatorial area are spawners of various sizes,

2.4 Hybridization

No hybridization of bigeye with other species of tuna has been reported,
3 BIONOMICS AND LIFE HISTORY

3.1 Reproduction

3.11 Sexuality

The sexes of bigeye are separate and do not change. There are no exter-

nal differences between male and female,
3.12 Maturity

Kume (1962) encountered running ripe female bigeye of 93, 110 and 134 ocm
and running ripe males of 110, 139 and 160 cm fork length in the Indian Ocean.
Yasutake, Nishi and Mori (1973) encountered running ripe females of 119, 148
and 156 cm and running ripe males of 134-148 cm fork length in the central
Pacific. Kume and Joseph (1966) reported running ripe females ranging from
115 to 167 om in the eastern Pacific. Kikawa (1962) reported finding few
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sexually mature female bigeye less than 100 em in length. Kume and Joseph
(1966) estimated that bigeye in the eastern Pacifc are 100~130 cm in length at
the end of their third year; thus bigeye likely first become mature during
their third year of life.
3.13 Mating
Bigeye are palagic spawners and mating is presumably promiscuocus.
3.14 Fertilization
Fertilization is external.
3.15 Gonads

The following description is adapted from Yuen (1955). The gonads are
paired elongated organs lying along the dorsal wall of the body cavity. The
ovaries are circular in cross section and are separated from each other except
posteriorly where the oviducts join. 1In immature fish the ovaries are small
and firm and about 1 em in diameter. As the fish approach maturity the
ovaries increase in both length and diameter. An ovary of a large ripe fish
may be as much as 10 em in diameter. A pair of ovaries may contain 1 billion
undeveloped eggs.

The gonad index, widely used as an index of maturity, is the relation
between the weight of the ovary and the weight or length of the fish. Kikawa
(1962) defined gonad index as follows; G.I, = WOXL3 X 10“ where W_  is the
weight of the ovaries in grams and L is the length of the fish in centimeters
w3

that mature females had a wide range of gonad indices, but with a blunt mode

being approximately proportional to the weight of the fish). He found

between 3.5 and 5.5. Immature females had gonad indices below 4, with the
mode centered between 0.6 and 1.5. He concluded that the best separation
point between mature and immature gonads was 3.1. Yuen (1955) found evidence
of at least two spawnings per female per year. He estimated that the number
of eggs per spawning ranges from 2.9 million to 6.3 million. Larger fish tend
to have more eggs per spawning, but there is wide variation for fish of the
same size.
3.16 Spawning

Kikawa (1962) found that areas of high gonad index lie between 109N and
1093 extending from 120°E to 110°¢ in the Pacific Ocean. Some spawning
appears to take place all year, with the main spawning extending from April
through September in the area between the equator and 129N, 1In contrast, in

the eastern Pacific he found the peak of the spawning to be January through
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March in the area between the equator and 1003, He concluded that the portion
of mature fish increases from west to east in the tropical Pacifiec.

Kume and Joseph (1966) found two zones of mature fish in the eastern
Pacific, one between the eguator and 100N extending eastward to 95%W and the
other between about 595 and 100935 extending east to about 11004, 1In the area
between the equator and 593 the proportion of mature fish was considerably
less than in the adjacent areas to the north and south. In the area between
100N and 15°S from 120°W to 130°W mature bigeye were found to occur throughout
the year, with the maximum sexual maturity in the first, second and third
quarters. In the southern zone the maximum sexual maturity occurs during the
first and second quarters,

Kume (1967) found that bigeye are sexually inactive when sea-surface tem-
peratures drop below 23-240C,

3.17 Spawn

Kume (1962) measured eggs from running ripe females and found that they
range from 1.03 to 1.08 mm in diameter. The eggs contain an oil globule which
ranges from 0.23 to 0.24 mm in diameter.

3.2 Pre-adult phase

3.21 Embryonic phase

Kume (1962) obtained running ripe male and female bigeye during a
research cruise in the Indian Ocean and fertilized the eggs aboard ship. He
recorded the following sequence of embryonic development, Thirty minutes
after fertilization the blastodermal cap and pervitelline space had formed.
First cleavage occurred 40 minutes after fertilization, and at intervals of 15
minutes the second, third, fourth and fifth cleavages cccurred. The morula
stage occurred 2 1/2 hours after fertilization. The embryonic shield formed 6
hours after fertilization, and the embryo was well differentiated. Fourteen
hours after fertilization the optical vesicles were well defined, somites were
visible and the embryo became less transparent. By 19 hours after fertiliza-
tion the pupils of the eyes had developed and the tail had separated from the
yolk sac. At that time the embryo was yellowish brown and moved inside the
egg. Hatching began 21 hours after fertilization, and was completed in 30
minutes, One of the newly hatched larvae was 1.5 mm in total length.

3.22 Larval phase
Yasutake, Nishi and Mori (1973) described larval development from hatch~

ing to 86 hours after hatching. The newly hatched larvae were 2.5 mm in total
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length, but obtained lengths of 3.0 and 3.1 mm 24 and 48 hours after hatching,
respectively. By 86 hours after hatching the early post-larval stage was
attained. The development of the larvae is illustrated in Figure 3.
The geographical distribution of bigeye larvae is discussed in Section
2.21.
3.23 Adolescent phase
In this synopsis adolescent phase is taken to mean the stage of life
between the juvenile stage (up to about 20 cm in total length) and the imma-
ture adult stage (up to about 55 cm in length). Adolescent bigeye do not
differ significantly in appearance from mature adults except for their size.
The pectoral fins, however, are proportionally longer in the adolescent phase
than in the adult phase. During this phase bigeye enter the commercial catch
for the first time. Fish as small as 32 cm are caught in the pole-and-line
fishery off Japan (Honma, Warashina and Suzuki, 1973). Bigeye of 35-45 cm
have been caught in the eastern Pacific purse-seine fishery. Adolescent
bigeye are not caught by longline gear. This may indicate that, at this phase
of life, bigeye do not range into the mixed layer; however, gear selectivity
could be the reason for the lack of catch of adolescents by longlines.
3.3 Adult phase
3.31 Longevity
Kume and Joseph (1966) studied modal progressions of bigeye in the
eastern Pacific longline catch. They devised an age-length curve which indi-
cated that bigeye of 150 cm total length, which are common in the catch, are
in their fourth year of life. There are, however, fish of at least 180 cm in
the catch, so it appears that bigeye can exceed 5 years of age. Sakamoto
(1967) estimated that in 1960 0.4% of the bigeye in the longline catch from
the central Pacific were 9 years of age or older.
3.32 Hardiness
As stated in Section 2.3, adult bigeye can tolerate a temperature range
of at least 13° to 29°C. Tagging experiments by the Inter-American Tropical
Tuna Commission indicate that bigeye, like other tunas, are sensitive to the
stress which occurs when they are confined in a purse seine.
3.33 Competitors
It is likely that bigeye compete for food with the other large tunas and
billfishes that inhabit the same area. Juhl (1955) found no difference in
food of yellowfin and bigeye caught by longline on a research cruise in the
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eastern Pacific. King and Ikehara (1956) examined the stomach contents of
bigeye and yellowfin caught by longline in the central Pacific. Although they
found some differences in the food items in the stomachs of the two species,
they concluded that, when occupying the same general area, the two species
have essentially the same feeding habits, Watanabe (1958) found some differ-
ences in the stomach contents of bigeye and yellowfin caught in the western
Pacific. He concluded that the differences may have been due to the bigeye
feeding at greater depth and more frequently at night than the yellowfin.
3.34 Predators

With the exception of man, large billfish and the toothed whales are
probably the only creatures capable of preying on large bigeye. Small bigeye
are preyed upon by dolphins, spearfish, swordfish, black marlin, sharks,
larger tunas and man. It is probable that small bigeye are preyed upon by any
animal which inhabits the same area and which is large enough and fast enough
to catech them (Alverson and Peterson, 1963).

3.35 Parasites, diseases, injuries and abnormalities

Kishinouye (1923) lists two parasites found in bigeye caught off Japan;
Hexacotyle, a trematode found among the gill-lamellae, and a species of
Filariadae (a nematode) found in the red muscle. Silas (1967) and Silas and
Unmercutty (1967) listed the following parasites of bigeye:

Trematodes; Capsala nozawae, C. onchidiocotyle, Hexostoma acutum.

Copepod; Elytrophora brachyptera.

Love and Moser (1977) compiled the following list of parasites of bigeye;

Tremotodes; Hexostoma grossum, H. acutum, H. sibi, Neohexostoma robustum,

Capsala gotoi, C. nozawae, Caballerocotyla biparasitica, C. klawei, C. ver-

rucosa, C. pseudomagronum, Sibitrema poonui, Areotestis sibi, Cardicola ahi,

Didymozoon longic¢olle, Dermatodidymocyst viviparoides, D. vivipara, Didymo-

cystis bifurcata, D. nasalis, D. orbitalis, D. philobranchia, D. philobran-

chiarca, D. poonui, Didymocystoides bifasciatus, D. pectoralis, Univitellodi-

dymocystis neothunni, Koellikeria pylorica, K. retrorbitalis, K. submaxil-

laris, Koellikerioiodes internogastricus, K. apicalis, K. externogastricus, K.

intestinalis, Neonematobothrioides poonui, Opisthorchinematobothriunm

parathunni, Obitonematobothrium perioculare.

Cestode; Sphyriocephalus dollfusi.

Copepods; Brachiella thynni, Elytrophora brachyptera, E. indica,

Gloiopotes buttoni, Caligus  coryphaenae, C. productus, Pseudocycnus
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appendiculatus,

Cressey and Cressey (1980) examined 40 bigeye and found the following
parasitic copepods (all included in those 1listed above by Love and Moser
(1977). The numbers in parentheses indicate the numbers of bigeye infested by
each copepod,

Elytrophora brachyptera (20)

Caligus coryphaenae (18)
Brachiella thynni (10)

Elytrophora indica (9)

Pseudocycnus appendiculatus (3)

An abnormality or disease which occurs in bigeye as well as other tunas
is "jelly-meat." This occurs in both the white and the red muscle. Arai and

Matsumoto (1953) identified a sporozoan, Hexacapsula neothunni, from the

jelly-meat portion of yellowfin tuna, but it is not known if this organism is
the cause of the condition.
3.4 Nutrition and growth
3.41 Feeding
Bigeye feed at the surface and down to the bottom of the mixed layer,
which may be 100-150 m deep (Suda, Kume and Shiohana, 1969). Bigeye feed both
during the day and night. They are caught at the surface during the day by
pole and line and by purse seine, and they are caught during both the day and
the night by longline., Kume and Morita (1966) state that about 15% of the
bigeye caught from the northwestern Pacific are taken by nighttime longlining.
3.42 Food
King and Ikehara (1956) examined the stomach contents of longline-caught
bigeye from the central Pacific, They found that the food of bigeye, by
volume, consisted of fish (62%), squid (33%), other molluscs (3%) and crusta-

ceans (2%). Food items of major importance were pomfret (Collybus drachme),

snake mackerel (Gempylus serpens) and squid of the families Ommastrephidae and

Lolinginidae. Alverson and Peterson (1963) list the following items in the
diet of bigeye caught in the eastern Pacific by baitboats: fish 85% (by
volume); crustaceans, 9%; squid, 5%; unidentified material, 1%. Four families
of fish, Katsuwonidae (=Scombridae), Exocoetidae, Sciaenidae and Trichiuridae,
were identified., Bathypelagic shrimp were the most numerous of the crustace-
ans, but isopods, portunid crabs and stomatopods were also found. Additional
data on the food of bigeye are given by Watanabe (1958) and Blunt (1960).
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3.43 Growth rate

As mentioned in Section 3.31, Kume and Joseph (1966) followed modal pro-
gressions of bigeye taken by longline in the eastern Pacific. Their data
indicated that males and females grow at approximately the same rate up to 150
em in  length, but that males appear to grow faster at sizes greater than 150
cm. Therefore they did not use modes greater than 150 c¢m in their growth
study. They estimated that, on the average, bigeye are 40 to 50 cm long at
the end of their first year, 75 to 95 cm at the end of their second year and
100 to 130 cm at the end of their third year. They fitted the von Bertalanffy
growth equation (lt = L0°(1-e"K(t‘ho)}, where lt is the length at age ¢t, La:
is the asymptotic length, K is a constant and t0 is the apparent age at length
zero, to the data. They derived the following values for the parameters in

2.11, K = 0.095 (calculated on a quarter of

the equation: La) = 186.95, to
a year basis).

The growth curve they derived is shown in Figure 4., Also shown are the
growth curves derived by Shomura and Keala (1963) and by Yukinawa and Yabuta
(1963). The curve of Shomura and Keala was calculated from length-frequency
data from the Hawaiian longline fishery and that of Yukinawa and Yabuta was
based on scale readings of fish taken from the entire Pacific Ocean, The
parameters of the equation derived by Shomura and Keala are: Wa} = 518, K =
0.114 and to = 1,07 for males, and wa) = 364, K = 0.167 and to = 1.06 for
females. They used weight in pounds rather than length in centimeters and the
parameters are calculated on a monthly basis. The parameters of the eguation
derived by Yukinawa and Yabuta, calculated on a 6-month basis are: Lho = 215,
K = 0.10412 and t_ = 0.0010995.

3.44 Metabolism

The tunas, bigeye included, have the highest metabolic rate of any group
of fish known, By means of vascular heat exchangers the tunas are able to
maintain their body temperature at a higher level than that of the water they
are swimming in. As muscle produces more power when warm, this allows the
tunas to keep swimming constantly and attain extraordinary bursts of speed
{Magnuson, 1978). Also the maintenance of body temperature at a higher level
than that of the surrounding water would tend to facilitate the movement of
tunas between the warmer water of the upper mixed layer and the colder water
of the thermocline (Neill, Chang and Dizon, 1976). Carey, Teal, Kanwisher,

Lawson and Beckett (1971) measured muscle temperature in 13 bigeye and found
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that, on the average, the muscle temperature was 7.9°C higher than the surface
water temperature., 1In ability to regulate body temperature bigeye are inter-
mediate between bluefin (greater thermoregulatory ability) and yellowfin (Gra-
ham, 1975).
3.5 Behavior
3.51 Migrations and local movements

Some data on tagged bigeye at liberty long periods of time are shown in
Table 1.

Seasonal changes in the distribution of catches may be due to migrations
of fish in or out of various areas. In recent years there has been a consid-
erable catch of bigeye by purse seiners off the coast of Ecuador during
November, December and January., The catches from this area during other
months have been sporadic (Inter-American Tropical Tuna commission, unpub-
lished data). Suda and Schaefer (1665a) noted the development of a concentra-
tion of bigeye in the fourth quarter and possibly first quarter of the year in
the area to the north and east of the Galapagos Islands., The increasing catch
of bigeye by baitboats in the area off the east coast of Japan during April,
May and June and the decrease in catch thereafter may indicate a migration of
bigeye into and away from these waters (Kume and Morita, 1667).

The catch of bigeye by nighttime longlines, which fish shallower than do
daytime longlines, may indicate a migration toward the surface during darkness
(Kume and Morita, 1966).

3.52 Schooling

Small bigeye school at the surface in the waters off the coast of Japan.
Bigeye of all sizes school at the surface in the eastern Pacific Ocean, mainly
between 10°N and 5°S from about 90°W to the coast of Central and South Amer-
ica. In the eastern Pacific bigeye occur mainly in two basic types of
schools, those assoclated with a floating object of some sort such as a log, a
piece of debris or a dead whale, and those that are not associated with a
floating object or large animal (unassociated schools). Bigeye are less fre-
quently found in schools associated with whales, whale sharks and, rarely, in
schools associated with porpoise. 1In all of these types of schools bigeye are
found alone (pure schools) or mixed with yellowfin, skipjack or both. In
schools associated with floating objects several other species of fish may be
present,

The size of bigeye schools, judged by the catch per successful set,
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varies greatly. In 1978 the catch per successful set ranged from less than 1
to 159 metric tons. During 1976-1978 the average catch per successful set was
about 20 metric tons, but in about 50% of the sets the catch was between 1 and
10 metric tons (Inter-American Tropical Tuna Commission, unpublished data).
Apparently the larger bigeye that are caught by longlines in and below
the mixed layer do not form dense schools.
3.53 Responses to stimuli
Bigeye respond to water temperatures, but fish of different sizes
apparently have different temperature preferences. According to Suda, Kume
and Shiohana (1969) large bigeye caught by longline prefer water temperatures
in the range of 17° to 22°C. Hisada (1973) states that bigeye in the 80-120
cm range are dominant in the handline fishery of the Coral Sea at surface tem-
peratures up to 26°C, but are replaced by yellowfin at higher temperatures.
Kume (1967) stated that bigeye are sexually inactive when sea-surface tempera-
tures drop below 23° to 24°C,
Bigeye apparently can tolerate dissolved oxygen concentrations down to
1.0 ml/1 but avoid water with lower concentrations (Sund, Blackburn and Wil-
liams, 1980). Sharp (1978) estimated the minimum oxygen requirements for
bigeye of different sizes as follows: 50 cm (fork length), 0.52 ml/1; 75 om,
0.65 ml/1.
4 POPULATION
4,1 Structure
4.11 Sex ratio
Kume (1969a) found that for bigeye caught by 1longline in the Pacific
north of 289N between 140°E and 180° the sex ratio was almost equal for fish
of all sizes, but in the area east of 180° males predominate among the fish
smaller than 130 cm. In the equatorial Pacific, Kume (1969b) found a dif-
ferent situation. Males were more numerous than females over the entire size
range of the longline catch, with the predominance of males becoming more pro-
nounced with increasing size. Kume and Joseph (1966), working with data from
the longline fishery east of 130°W, found that, over the range of lengths
examined (about 82-184 om), males were predominant in nearly all areas, and
that the vratio of males to females increased with size up to the point at
which males comprised 75% of the catch of fish over 170 cm.
4,12 Age composition
Sakamoto (1967) gives the following age composition for bigeye caught by
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the Japanese longline fishery in the equatorial Pacific Ocean in 1960:

Age 1 2 3 y 5 6 7 8 9 or greater
Percent 0.1 6.8 20.5 26.4 22.3 15.3 6.2 2.0 0.4

Kume (1967) estimated that during 1960-1962 the 1longline catch in the
Pacific Ocean was made up mainly of fish of ages 2 through 7. Fish of ages 2
and 3 were distributed more or less evenly over the fishing area. The
incidence of fish of ages 4, 5 and 6 increases progressively to the east, and
age~7 fish are confined mostly to the area east of 1400V,

Kume and Morita (1967) found that the bigeye catch of the live-~bait
fishery off the east coast of Japan is composed of three size groups, which
they believed correspond to fish of ages 1.5, 2 and 3.

According to the growth curve derived by Kume and Joseph (1966) (Section
3.43) the catch of the eastern Pacific surface fishery is largely composed of
fish of ages 1 through 4 with those of ages 2 and 3 being the most important,

4,13 Size composition

The size composition of the bigeye catch varies somewhat among areas and
types of gear; therefore, the size composition of some of the distinct
fisheries will be discussed separately.

a) The pole and line fishery in the northwest Pacific (Kume and Morita,
1967)

There are three modal groups in the catch, The smallest group, composed
of H50~-55 om fish, and the middle group, composed of 70-~-75 cm fish, are dom-
inant in the catch., The largest modal group, composed of fish of about 100
cm, appears only sporadically.

b) The handline fishery in the Coral Sea (Hisada, 1973)

Most of the fish in the handline catch are between 80 and 100 e¢m, and
there is a single mode. (The longline catch from the same area has two modal
groups at about 100 and 130 am.)

¢) The longline fishery in the western, central and eastern Pacific
(Kume and Joseph, 1966 and 1969; Kume, 1969b)

In the equatorial Pacific the size range of 1longline-~caught bigeye 1is
approximately 80 to 180 cm. Fish of less than 120 cm are distributed more or
less evenly from west to east. The relative abundance of medium-sized fish

(120~150 cm) and large fish (greater than 150 cm) increases from west to east.
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The size composition in the eastern Pacific (east of 130°W) is illustrated in
Figure 5, which shows the percentage length-frequency distributions for 1958~
1966.

d) The eastern Pacific surface fishery (Anonymous, 1979a)

The annual length-frequency distributions of bigeye samples from purse-
seine catches made in the eastern Pacific Ocean during 1975-1979 are shown in
Figure 6. The size range is from less than 40 cm to about 170 cm, and in some
years there appear to be four or five modal groups. In 1975 and 1976 most of
the catch consisted of fish between 70 and 120 em. In 1977, 1978 and 1979,
however, the proportion of smaller fish in the catch was greater.

4,2 Abundance and density “

4.21 and 4,23 Average abundance and average density

The term "abundance" is usually defined as the total number or weight of
fish in a population, whereas "density" refers to the total number or weight
of fish per unit area, It is difficult or impossible to obtain an accurate
estimate of abundance or density in most commercial fisheries, including that
for bigeye in the Pacific Ocean, However, catch per unit of effort, in many
cases, can provide an index of relative apparent abundance. The index of
apparent abundance or density in the longline fishery is hook rate (the number
of fish caught per 100 or 1000 hooks fished). In the eastern Pacific average
hook rate varied between 2.0 and 3.0 fish per 100 hooks during 1956-1963 and
was 1,0 or less between 1965 and 1970 (Shingu, Tomlinson and Peterson, 1974).
From 1949 through 1963 average quarierly hook rate generally was between 0.5
and 1.5 in the area between U4ON and 12°N and between 140°E and 160°E. During
the same period further east between 180° and 160°W the average quarterly hook
rate varied between 1,0 and 3.0 (Kume, 1969b).

4,22 and 4.24 Changes in abundance and changes in density

Kume and Joseph (1966) examined trends in hook rate in the eastern
Pacific 1longline fishery for 1958-1963. They concluded that north of the
equator there has been a downward trend in bigeye hook rate starting in 1961,
South of the equator the downward trend started in 1960. They also examined
changes in hook rate for fish of three size categories: small (less than 120
em), medium (120 to 150 cm) and large (over 150 cm). North of the equator the
quarterly hook rate for small fish remained fairly constant during 1961-1963,
but the apparent abundance of medium and large fish showed a downward trend
over the same period. South of the equator seasonal patterns in hook rate
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were apparent, The small fish showed a slight decrease in hook rate during
the first and second quarters of the year and an increase during the third and
fourth quarters. The medium group was usually more abundant in the first and
fourth quarters of the year while the large fish showed the opposite trend.
For the two larger size groups the data indicated a steady decline in apparent
abundance from 1960 through 1963. The apparent abundance of the small size
group remained stable over the same period.

Shingu, Tomlinson and Peterson (1974) examined trends in bigeye hook rate
in the eastern Pacific Ocean for 1967-1970. They found the following seasonal
pattern in fluctuation of hook rate; in the easternmost areas hook rates were
higher during the last half of the year, while in the westernmost areas hook
rates tended to be higher during the first half of the year. During 1967-1969
hook rate was fairly constant; however, in 1970 hook rate decreased slightly.

4,3 Natality and recruitment

According to Suda and Kume (1967), recruitment of bigeye to the Pacific
longline fishery begins at age 2; less than 10% of the total recruitment is is
complete at that age. By early age 3 recruitment is 29% complete and by early
age 4 recruitment is 68% complete. By early age 5 recruitment is complete.
In the eastern Pacific surface fishery fish as small as 40 cm are caught, and
most of the fish in the catch are less than 120 cm (Figure 6), This would
indicate that recruitment begins before age 1 and is complete by age 3 (see
Section 3.43 for length-at-age data).

4.4 Mortality and morbidity

4,41 Mortality rates

Since the fecundity of bigeye is so great the survival rate of larval
bigeye must be very low, but it may fluctuate greatly from time to time and
place to place. The availability of the proper food organisms for the larvae
when they first begin to feed may greatly influence larval survival.

Suda and Kume (1967), working with data from the Japanese longline
fishery in the Pacific for 1957-1964, derived the following estimates of the
total annual mortality coefficient (Z!').

Years ! Years !
1957-58 0.627 1961-62 1.002
1958-59 0.709 1962-63 1.073
1959-60 0.726 1963-64 1.382

1960-61 0.622
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Their estimate of the annual natural mortality coefficient (M) is 0.361. This
analysis was carried out using only data from fish older than age 5.
4,42 Factors causing or affecting mortality

The major factor affecting mortality of adult bigeye is probably the
amount of fishing effort. Suda and Kume (1967) show that in the Japanese
longline fishery the total mortality coefficient increases as the total number
of hooks fished increases,

4,43 Factors affecting morbidity

The information which is avéilable on this subject is summarized in Sec-
tion 3.35.

4,44 Relation of morbidity to mortality rates

The effect of morbidity on the mortality rate of adult bigeye is probably
small in comparison with the effect of fishing effort,

4,5 Dynamics of the population

It is not known whether the bigeye tuna of the Pacific constitute a sin-
gle population or two or more subpopulations., There is some evidence of
extensive migration, which indicates some homegeneity of the stock. In the
north Pacific the concurrent appearance of dominant year classes throughout
the area also indicates some homogeneity of population. However, there is a
cline in size composition, the average size increasing from west to east,
which indicates that intermingling of fish of different areas may be slow and
incomplete (Kume, 1969a). The situation 1is similar in the equatorial and
south Pacific. Increasing size of fish from west to east suggests a migration
of older fish to the east. The simultaneous appearance of dominant year
classes in the western equatorial Pacific and the southwestern Pacific indi-
cates some internal association of the stock (Kume, 1969b).

Even though the stock structure of bigeye in the Pacific is largely un-
known, it is possible to attempt to ascertain the effect that the fishery has
had on the stock. Various investigators have attempted to do this, using data
from the Japanese longline fishery in the eastern Pacific.

The longline fishery in the eastern Pacific (east of 130°W) started in
the mid-1950's., Hook rate was stable through 1960, averaging 3.1 fish per 100
hooks fished. Hook rate declined in late 1961 and early 1962 to below 2.0
(Suda and Schaefer, 1965a). The decline in hook rate intensified in 1963, and
a significant negative relationship between hook rate and number of hooks
fished became apparent (Kume and Schaefer, 1966). Kume and Joseph (1966)
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looked at the hook rates of small, medium and large fish (Sections 4,22 and
4,24}, During the early 1960's the hook rate of the small fish remained
stable, while the hook rates of the medium and large fish declined. The small
fish progressively became a larger proportion of the catch., The investigators
concluded that the fishery has had a marked effect on the stock, but that it
was not possible to ascertain whether the fishery had adversely affected the
sustainable yield. In 1964 and 1965 hook rate continued to decline, but it
rebounded slightly in 1966. The average weight of fish in the catch declined
from 70 to 60 kg during 1958-1966. The hook rate for the small fish continued
to remain stable, implying that recruitment had not been affected (Kume and
Joseph, 1969). During 1967-1969 there was no large change in the hook rate.

The relationship between catch and fishing effort in the portion of the
eastern Pacific (Areas 7-12 of Shingu, Tomlinson and Peterson, 1974) where
most longline catches of bigeye occur is illustrated in Figure 7. In this
figure catch, in thousands of fish, is plotted against millions of hooks
fished during 1956~1970. In 1956-1963 the fishery was developing, and
increases in effort resulted in increases in catch. Hook rate was generally
between 2.0 and 3.0, In 1964 effort increased, but catch dropped. In 1969
there was a substantial increase in both effort and catch, but the hook rate
was less than 1.0. It appears that catches such as those made in 1964 and
1969 are not sustainable. To obtain a better understanding of the effect of
the fishery on the stock in the eastern Pacific it will be necessary to learn
more about the relationship of the fish in the eastern Pacific to those
further west,

4,6 The population in the community and the ecosystem

Bigeye tuna in the Pacific Ocean are part of the pelagic warm water com-
munity. Their feeding habits have been discussed in Sections 3.41 and 3.42,
and their competitors and predators in Sections 3.33 and 3.34. The schooling
association of bigeye with other species has been discussed in Section 3.52.
The relationship of large bigeye to the permanent thermocline is discussed in
Section 2.3. Bigeye have a tendency to gather around the boundary zone of
current systems. In the transition =zone between the Aleutian and North
Pacific currents bigeye are found to be most abundant in the winter when the
thermocline is at 100 m. Bigeye also accumulate seasonally in the subtropical

convergence of the northern hemisphere (Kume, 1967).
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5 EXPLOITATION

5.1 Fishing equipment

5.11 Gear

The most important gear in the Pacific bigeye fishery is the 1longline.
The "basket"™ is the basic unit of longline gear. It consists of a main line
of approximately 300 m which is buoyed to the surface by a float line at each
end. Branch 1lines, each with one baited hook, are suspended from the main-
line. Usually there are five branch lines to each basket. The float 1lines
vary in 1length from about 16.5 to 20.0 m and branch lines are 30 m. The
baskets are fastened end to end, so that each setting of the longline extends
over many miles. In 1956-1962 the average daily longline set per vessel was
400 baskets with 1960 hooks. The wusual bait is frozen saury (Cololabis

saira), but mackerel {(Scomber japonicus), jack mackerel (Trachurus japonicus)

and squid are also used (Suda and Schaefer, 1965a; Shingu, Tomlinson and
Peterson, 1974).

About 15% of the bigeye catch from the Pacific Ocean north of 20°N is
made by nighttime longline. This gear differs somewhat from the daytime long-
line described above. It fishes six hooks per basket instead of five, and it
has an additional fleoatline in the middle of each basket. The float lines are
12 m long. the shorter floatlines, with the extra one in the middle, causes
the nighttime longline to fish shallower than the daytime longline. The
nighttime longline is baited with squid, and swordfish is the principal catch
(Kume and Morita, 1966).

In the 1970's the "deep" longline became commonly used by the small and
medium-sized Japanese longline vessels fishing in the central and western
Pacific. This gear has 10 to 15 branch lines per basket, but 1is otherwise
basically the same as the regular longline gear, The theoretical maximum hook
depth for the deep longline is 300 m, as opposed to 170 m for +the regular
longline (Suzuki, Warshina and Kishida, 1977).

Bigeye are caught by pole and line, using live bait, in the northwestern
Pacific during the spring and summer. The vessels engaged in this fishery
also catch skipjack and albacore, In this method of fishing schools of tuna
are attracted to the fishing vessel by throwing live bait, usually small clu-
peoids, into the water., Once the tuna are alongside they are caught by poles
and lines baited with feathered lures or live bait.

In the eastern Pacific bigeye are caught by purse seiners that are
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fishing primarily for yellowfin and skipjack. A typical purse seine is about
1100-1400 m long and 110~150 m deep. The seine is set around a school of fish
and the bottom is- pursed (closed) by drawing in a steel cable which runs
through rings suspended from the bottom of the net. When the bottom is closed
the webbing 1is pulled aboard until the catch is confined in a space small
enough that the fish can be brailed aboard the vessel.

5.12 Boats

Longline vessels are typically 50-400 in gross tonnage, the larger ones
operating in more distant water (Suda and Schaefer, 1965a). Most are con-
structed of steel; crew's quarters and engine are in the stern and the long-
line 1is hauled amidships. The Japan-based baitboats that cateh bigeye range
in size from about 50 to 250 gross metric tons, The purse seiners fishing in
the eastern Pacific range in size from about 100 to 2000 metric tons in fish-
carrying capacity. The newer vessels are of steel construction, and most of
these are between 500 and 1100 metric tons carrying capacity.

5.2 Fishing areas

5.21 General geographic distribution

The average distribution of the Japanese longline fishery for bigeye in
the Pacific Ocean is 1illustrated in Figure 8. The fishery extends almost
entirely across the Pacific in an east-west direction, It extends from Japan
to New Zealand in the western Pacific and from about 5°N to 25°S in the
eastern Pacific. In the north Pacific the fishery extends in a band from
Japan to about 130°W. 1In the west the band extends approximately from 22°N to
389N, In the eastern end the band is narrowed, extending from about 239N to
35°N. Hook rates are higher east of about 180° (Kume, 1969a).

In the equatorial Pacific the area of highest hook rate extends as a band
along 5°N, and in the eastern Pacific there is a second band of high hook rate
from 3°5 to 1093, with a tongue extending southeastward to about 25°S. As in
the north Pacific, hook rate tends to increase from west to east (Kume,
1969b) .

The northwestern Pacific surface fishery, at its greatest extent, extends
approximately from 138°E to 160°E and from 27°N to 38°N (Kume and Morita,
1967).

The geographical distribution of the bigeye catch in the eastern Pacific
by purse seiners is illustrated in Figure 9. 1In this figure the catch for
1978 is shown by 1-degree areas of latitude and longitude. There was a small
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catch off the coast of Baja California, but most of the catch was made between
50N and 5°S, The area of highest catch was from 2°S and 5°S adjacent to the
coasts of Ecuador and Peru.
5.22 Geographic ranges
This is given in Sections 2.1 and 5.21.
5.23 Depth ranges
The live-bait fishery off Japan and the eastern Pacific purse-seine
fishery are conducted at the surface, Conventional five-hook-to-a-basket
longline gear fishes at depths of between 80 and 150 m with hooks 1 and 5
being the shallowest and hook 3 being the deepest (Suda and Schaefer, 1965a).
The deep longline fishes at a maximum of 300 m (Suzuki, Warshina and Kishida,
1977). The nighttime longline probably fishes at two thirds to one half of
the depth of the regular daytime longline. In the western Pacific experimen-
tal fishing with a vertical 1longline took bigeye at depths of 3U0-380 m
(Hanamoto, 1976). The depth range at which bigeye are caught by longline
apparently varies with 1latitude in the Pacific. Hanamoto (1974} listed the
following variation in depths of capture at different latitudes between 90%y
and 130°W:

Latitude Depth

9°N-3°N 90-140 m
39N-3°8 50-150 m
395-9°S 110-160 m
998-13°s 120-160 m

5.24 Conditions of the grounds
The fishery for bigeye in the Pacific is generally conducted in deep
water, and the gear does not come in contact with the bottom. Most of the
fishing is carried out in tropical or subtropical waters, and fishing opera-
tions are sometimes interrupted by tropical storms. In the eastern Pacific
purse-seine fishery, where the fish are located visually, squalls which limit
visibility can curtail fishing or cause vessels to leave an area in which they
would otherwise remain,
5.3 Fishing seasons
5.31 General pattern of seasons
The longline fishery is carried out all year long, but there are seasonal
differences in apparent abundance., In the north Pacific the hook rate in the

winter is approximately twice that of the summer. This may be due to the
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formation of a seasonal thermocline in the summer which could raise the swim-
ming level of bigeye above the effective longline depth (Kume, 1969a). In the
tropical Pacific seasonal changes in apparent abundance are not as pronounced
as in the north Pacific. There are some seasonal changes, however, particu-
larly in the eastern Pacific. The quarterly distributions of bigeye hook rate
averaged for 1967-1970 are shown in Figure 10. The major seasonal differences
occur in the area between 1593 and 30°S from 80°W to 90°W. 1In this area hook
rate is considerably higher in the third and fourth quarters than in the first
and second quarters.,

The surface fisheries for bigeye are more seasonal than the 1longline
fishery. 1In the live-bait fishery off Japan most of the catch is taken during
April through July (Kume and Morita, 1967). Most of the catch of bigeye in
the handline fishery in the Coral Sea is made in October through December
(Hisada, 1973). The quarterly distributions of the catches of higeye in the
eastern Pacific purse-seine fishery, averaged over 1976~1978, are illustrated
in Figure 11, Catches are greater in the first and fourth quarters than in
the second and third quarters.

5.32 Dates of beginning., peak and end of season

The longline fishery for bigeye takes place all year 8o there is no
beginning or end of the season. The purse-seine catches in the eastern
Pacific are greater during the first and fourth quarters of the year (Section
5.31).

5.33 Variation in date and duration of season

There does not appear to be much year-—to~year variation in the dates or
duration of the seasons (Section 5.31).

5.4 Fishing operations and results

5.41 Effort and intensity

In the longline fishery the number of hook-days (generally referred to as
hooks) fished 1is the measure of fishing effort. Shown below is the annual
number of hooks fished, in thousands, and the number of bigeye caught, also in
thousands, by the Japanese longline fishery in the entire Pacific Ocean for
1962-1977 (Anonymous, 1979j3).
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No. of hooks No. of bigeye No., of hooks No. of bigeye

Year (thousands) (thousands) Year (thousands) {(thousands)
1962 290,051 1,927 1970 282,531 1,317
1963 337,113 2,534 1971 273,371 1,272
1964 283, 140 1,782 1972 279,156 1,657
1965 288,771 1,401 1973 286,918 1,622
1966 301,617 1,537 1974 293, 824 1,497
1967 305,999 1,543 1975 263,874 1,576
1968 286,853 1,329 1976 331,645 1,892
1969 306,024 1,812 1977 328,470 2,308

Longline vessels of the Republic of Korea and of the Republic of China
(Taiwan) also operate in the Pacific, but the effort and catch data for these
are not included in the above table. Longline gear catches other species of
tunas and billfishes, the species composition of the catch varying with area
and season, Some of the above effort is directed primarily at species other
than bigeye.

The annual number of hooks fished and catch of bigeye in the eastern
Pacific Ocean (east of 1309W) by Japanese longline vessels during 1962-1977
are shown below (Anonymous, 1979j). These data have the same shortcomings as
do the data for the entire Pacific.

No. of hooks No. of bigeye No. of hooks No. of bigeye
Year (thousands) (thousands) Year {thousands) {thousands)
1962 26,519 484 1970 52,132 316
1963 50,573 710 1971 40,138 272
1964 62,005 577 1972 52,839 368
1965 43,538 259 1973 76,916 630
1966 47,404 397 1974 54,522 375
1967 42,335 324 1975 60,801 559
1968 50, 436 330 1976 73,913 564
1969 66,859 620 1977 95,766 909
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The purse-seine fishery in the eastern Pacific is directed primarily at
yellowfin and skipjack, but the catch of bigeye has been increasing in recent
years, The unit of effort in the eastern Pacific purse-seine fishery is the
standard day's fishing. Estimates of the amount of fishing effort are
obtained from catch data and logbook records. At present there are no esti-
mates of the amount of purse-seine effort directed at bigeye because the purse
seiners usually do not search for bigeye, the catches of bigeye being made
incidentally to those of yellowfin and skipjack.

The situation is somewhat the same with the live-bait fishery off Japan,
where the fishing effort is directed primarily at skipjack and albacore.

5.42 Selectivity

Longline gear is selective to the larger sizes of bigeye, the live-bait
fishery 1s selective to small bigeye and the purse-seine fishery takes both
large and small bigeye., 1In the eastern Pacific the size range of bigeye
caught by the surface fishery and by longline is nearly the same, but the pro-
portion of fish above 100 cm is higher in the 1longline catch (Barrett and
Kume, 1965). This is discussed in more detail in Section 4,13,

5.43 Catches

Estimates of bigeye catch, in numbers of fish, by the Japanese longline
fishery in the entire Pacific and in the eastern Pacific are in Section 5.41.

The Food and Agriculture Organization of the United Nations compiles
records of total catch of all important species of fish and other aquatic
animals. These records are never complete, but they are probably the best
presently available (Klawe, 1978). the estimated bigeye catches, in metric
tons, for the entire Pacific Ocean for 1970-1978 are as follows {(Anonymous,
1971-1979).

Year Catch Year Catch
1970 76,000 1974 89, 388
1971 67,800 1975 102,417
1972 88, 900 1976 126,550
1973 89,300 1977 143,987

The Inter-American Tropical Tuna Commission (IATTC) maintains records of
catches made by the surface fishery in the eastern Pacific Ocean. These

records are reasonably complete, but there are some shortcomings in regard to
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bigeye. The fishermen are paid the same price for bigeye and yellowfin and,
until recently, most of the small amount of bigeye that was landed was not
separated from yellowfin, This situation has improved in recent years. At
some ports bigeye and yellowfin are separated, and at ports where the two
species are usually not separated employees of the IATIC try to estimate the
amounts of each species in the catch.

The estimated catches of bigeye, in metric tons, by the eastern Pacific
surface fleet from the eastern Pacific Ocean east of 150°W are as follows
( Anonymous, 1980a).

Year Catch Year Catch
1961 213 1970 1,333 )
1962 327 1971 2,567
1963 75 1972 2,238
1964 68 1973 1,979
1965 118 1974 889
1966 263 1975 3,905
1967 1,471 1976 10,557
1968 2,525 1977 7,617
1969 575 1978 11,373
1979 8,159

The reason for the increase in catch in recent years is not clear. It
may be partially due to improved reporting, as discussed above. Another fac-
tor may be the catch quotas on yellowfin which were first imposed in 1966.
Vessels on trips for which there is a restriction on the amount of yellowfin
that can be caught may direct some of their fishing effort directly at bigeye.
6 PROTECTION AND MANAGEMENT

There is no legislatively imposed limitation on the catch of bigeye in
the Pacific Ocean nor are there size limits or closed areas or seasons, The
Japanese government does, however, control the number of Japanese flag vessels
of each type which can engage in the tuna fishery. This may reduce the catch
of bigeye somewhat. Also the recent imposition of 200-mile 1limits by most
nations bordering the Pacific Ocean may serve to limit the catch of bigeye but

this is, as yet, uncertain,
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7 CULTURE

No attempts have been made to raise bigeye in captivity.
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FIGURE 3. Larvae of bigeye tuna: a) newly hatched; b) 24 hours after hatehing; ¢) 48
hours after hatching; d) 86 hours after hatching (from Yasutake, Nishi and Mori,
1973).
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TABLE 1.

Data on tagged higeye at Hberty long periods of time. The distances are given in nautical miles.

Release Recapture Dis~ Days Direc—

Area Date Length Area Date Length tance free tion Reference
30°59'N-  Jan. 31, 122.3 32°41'N~ Nov. 24, 126.8 785 298 82 Otsu and
171°14'w 1955 155°57'w 1955 Uchida, 1956
30°59'N~  Jan. 31, 109.0 29°50'N-  Feb. 2, 127.5 348 368 259 Kume, 1967
171°14'w 1955 117°50'w 1956
32°59'N-  May 31, 82 29°15'N-  Nov. 11, 110-115 540 530 255 Kume, 1967
143°19'E 1958 1339%5'E 1959
32959'N~-  May 31, 81 35027'N-  Jan. 17, 119 182 597 324 Kume, 1967
143°19'E 1958 141°10'E 1960

3°18'N- May 6, 80 2°12's-  Jan. 13, ? 664 253 117 IATTC, un-
90°50'W 1967 81°01'w 1968 published

3°18'N~- May 12, 50 4°32'N~-  Jun. 18, 128.0 1,020 769 274 Anonymous,
90°50'W 1967 107°50'W 1969 1970
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1 IDENTITY

The scientific name for the northern bluefin tuna is Thunnus thynnus.

Collette (1978) recognizes two subspecies, T. thynnus thynnus in the Atlantic

Ocean and T. thynnus orientalis in the Pacific Ocean.
2 DISTRIBUTION

In the eastern Pacific northern bluefin are caught mostly between Cabo

San Lucas, Baja California, Mexico, and Point Conception, California, U.S.A,
Within this area the fish tend to be distributed further to the north in years
when the sea-surface temperatures are above normal and further to the south in
years when those temperatures are below normal (Hester, 1961). On September
24, 1960, a purse seiner caught 50 metric tons of bluefin about 50 miles west
of Cape Mendocino, more than 300 miles north of Point Conception. This
species has also been caught off Oregon and Washington (Brock, 1938; Radovich,
1961), off British Columbia (Neave, 1959), and in Shelikoff Strait, Alaska
(Radovich, 1961). These occurrences far to the north of the usual range of
this species in 1957-1959 have been attributed to higher-than-average sea-
surface temperatures during that period (Radovich, 1961). One fish thought to
be a bluefin was tagged near Roca Partida, Mexico, on June 15, 1976
(Anonymous, 1978a). The tag was later returned, but the fish was not examined
to verify its identity. Bluefin are recorded in the vicinity of the Galapagos
Islands (Snodgrass and Heller, 1905; Herre, 1936), "but there is no supporting
evidence which would eliminate T. maccoyii (southern bluefin) or any other
species from consideration” (Gibbs and Collette, 1967). Two large (1553~ and
1640-mm) bluefin were caught by a purse seiner at 3923'S-81°09'W on June 14,
1969. Their identity as bluefin was confirmed by the striations on the
livers, but it was not determined if they were northern or southern bluefin.
De Buen (1953 and 1958) records northern bluefin off the central coast of
Chile, and Nakamura and Warashina (1965) record a specimen caught at 37011'S.
1140411y, Also Kume (1974} gives data for fish caught off the west coast of
South America between 80°W and 1159W during 1968-1970, and Anonymous (1975a,
1976a, 1977a, and 1978b) records this species in the same area during 1973
through 1976 (Figure 5).

In the central Pacific Jordan and Jordan (1922), Fowler (1928), and June
(1952) record northern bluefin caught near Hawaii, and Kume (1974) and
Anonymous (1974a, 1975a, 1976a, 1977a, and 1978b) record other catches of this

species made in this area both north and south of the equator. Fowler's (1928
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and 1932) records of a 355-mm bluefin from the Society Islands and of bluefin
from the Marquesas Islands could be based upon misidentifications, as Klawe
(1959) showed that Fowler (1944) had identified juvenile yellowfin, Thunnus
albacares, caught in the eastern Pacific as bluefin,

In the western Pacific northern bluefin occur from Sakhalin Island to
southeastern Australia and New Zealand (Shimada, 1951a; Isao, 1963; Yamanaka
et al., 1963; Kume, 1974; Shingu, Warashina, and Matsuzaki, 1974; Anonymous,
1974a, 1975a, 1976a, 1977a, and 1978b), but are most abundant in the vicinity
of Japan. They are much more plentiful off Japan in years when the sea-
surface temperatures are above normal than when they are below normal (Uda,
1962 and 1973).

In the Indian Ocean northern bluefin have been caught west of Australia
(Nakamura and Warashina, 1963) and north of Borneo (Anonymous, 1977a).

3 BIONOMICS AND LIFE HISTORY

3.1 Reproduction

Hirota, Morita, and Taniguchi (1976) reported two northern bluefin, a
male and a female, both reared in captivity, which matured at 3 years of age.
The lengths of these fish (male, 1190 mm; female, 1353 mm) were considerably
in excess of the average 1lengths of 3-year-old fish given in Table 1,
Nakamura (1943; cited by Hirota, Morita, and Taniguchi, 1976) states that
northern bluefin mature at 3 years of age in nature. Fish of 270 to 300 kg
have about 10 million eggs (Yamanaka et al., 1963). Spawning occurs between
Japan and the Philippine Islands and southeast of Japan during April through
July (Yabe, Ueyanagi, and Watanabe, 1966; Nishikawa, Kikawa, Honma, and
Ueyanagi, 1978). Okiyama (1974 and 1979) found larvae in the Sea of Japan,
and considered them to have resulted from spawning in that area. In addition,
Miller (1979) reports larvae of this species from the Hawaiian Islands.

3.2 Pre-adult phase

The larvae of northern bluefin are described by Matsumoto {(1962), Yabe
and Ueyanagi (1962), Matsumoto, Ahlstrom, Jones, Klawe, Richards, and Ueyanagi
{1972y, and Richards and Potthoff (1973). The larvae, postlarvae, and
Jjuveniles are carried northward by the Kuroshio Current toward Japan. Fish of
age 0+ about 20 to 60 am in length are caught in the vicinity of Japan during
the second half of the year (Yabe, Ueyanagi, and Watanabe, 1966; Yukinawa and
Yabuta, 1967). Yokota, Toriyama, Kanai, and Nomura (1961) mention the pres-
ence of juvenile northern bluefin in the stomachs of skipjack, Katsuwonus

266



pelamis,
3.3 Adult phase
3.31 Longevity
Aikawa and Kato (1938) used vertebrae to estimate the ages of northern
bluefin in the western Pacific, and found the maximum age to be 9+ years.
Using scales to estimate the ages of fish in the same area, Yukinawa and
Yabuta (1967) found fish up to 7+ years old. The oldest fish found in the
eastern Pacific by Schultze and Collins (1977), who also used scales to esti-
mate the ages, were 6+ years old.
3.32 Hardiness
Ueyanagi, Mori, Nishikawa, and Suda (1973) mention that small bluefin
captured by traps and trolling gear and confined in enclosures are likely to
die if roughly handled or subjected to sudden decreases in salinity. Clemens
(1961) believed that this species is less resistant than albacore, Thunnus
alalunga, to the stresses of tagging and handling, but more resistant than
bigeye, T. obesus, yellowfin, or skipjack.
3.33 Competitors
No specific information is available on this subject, but northern blue-
fin probably compete for food with other medium and large pelagic predatory
fish and mammals with which they share living space.
3.34 Predators
Yamanaka et al. (1963) state that: "Tunas are devoured by killer-whales
which are said to catch them at the nape and kill them immediately. They fear
killers so greatly that they are frightened several miles away from the spots
where these ferocious enemies are found. Thus catches made by pound-nets
[traps] vary greatly according to the favorable or unfavorable proximity of
killers. Sometimes tunas leap recklessly on to beaches to escape their enem-
ies.” Man is also a predator of northern bluefin,
3.35 Parasites, diseases, injuries, and abnormalities
Data on parasites of northern bluefin are given by Bell (1963a), Silas
(1967), Silas and Ummercutty (1967), Love and Moser (1977), and Cressey and
Cressey (1980).
3.4 Nutrition and growth
3.41 and 3.42 Feeding and food
Blunt (1958), referring to surface-caught northern bluefin of the eastern
Pacific, stated: "Of 168 bluefin taken off California [during 19571, 70
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percent had been feeding on anchovies... Bluefin sometimes feed close inshore
near the surf, Tuna captured in shallow water had eaten starfish, kelp, sand-
dabs [Citharichthys], surf perches [Embiotocidae] and white croakers

[Genyonemus lineatus]." Bell (1963a) lists 14 species of fish found in north-

ern bluefin stomachs. Pinkas (1971) reported that surface-caught bluefin sam-
pled in 1968 and 1969 consumed, in order of importance, anchovies, Engraulis

mordax, red crabs, Pleurocodes planipes, sauries, Cololabis saira, squid,

Loligo opalescens, and hake, Merluccius productus. Anchovies made up 80 per-

cent of the stomach contents by volume., In addition, other species of fish,
cephalapods, and crustaceans, Atlanta (a gastropod), and pieces of kelp were
found in the stomachs. He remarked that bluefin occurred further offshore in
1968 and 1969 than they had in 1957, which probably accounted at least partly
for the differences in his results and those of Blunt (1958). Scott and
Flittner (1972) found that red crabs are a significant part of the diet only
south of 299 north latitude, and that boiling and jumping schools of fish are
much more common north of that latitude, where fish are the principal item of
the diet. They stated that the differences in behavior in the two areas could
be due to the differences in the food, i.e. "modified filter feeding" might be
employed while feeding on red crabs, while "vigorous pursuit" would be
required for feeding on fish. Yamanaka et al. (1963) summarized the available
information on the feeding and food of this species in the western Pacific,
Fish 20 to 65 om in length consume anchovies and other fish, plus crustaceans,
while longline-caught (larger) fish eat fish and squid. Fish of unspecified
size are reported to consume both pelagic and demersal fish, Calamarius,
pteropods, Pyrosoma (a tunicate), and crustaceans. Mori (1972) found skipjack
in the stomachs of longline-caught northern bluefin.
3. 43 Growth rate

The age and growth of northern bluefin has been studied by Kimura (1932),
Aikawa and Kato (1938), Bell (1963b), Koski (1967), Yukinawa and Yabuta
(1967), and Schultze and Collins (1977). Kimura used Ilength-frequency data,
Aikawa and Kato used vertebrae, and the others used scales to estimate the
ages of the fish., Koski verified that distinetive marks are formed on the
scales once each year, with the midpoint in April, and thus that their use to
estimate the ages of the fish is valid. The results are summarized in Table
1. 1OD and K are parameters of the von Bertalanffy growth equation. K, which

was Egzimated by the compiler of this report, is expressed on an annual basis,
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Data on the length-weight relationship are given by Bell (1964) and Shingu,
Warashina, and Matsuzaki (1974).
3.44 Metabolism
The tunas, including the northern bluefin, differ from most fishes 1in
that they maintain their body temperatures at higher levels than the water in
which they live. This is accomplished by the retia mirabile, networks of

arteries and veins in the fish's body in which the relatively cool arterial
blood coming from the gills is warmed by the relatively warm venous blood com-
ing from the muscles, brain, and eyes, and vice versa (Carey and Teal, 1966
and 1969; Carey, Teal, Lawson, Kanwisher, and Beckett, 1971; Linthicum and
Carey, 1972; Carey, 1973; Carey and Lawson, 1973; Stevens and Neill, 1978).
Northern bluefin, which apparently tolerate a wide range of temperature, have
body temperatures which are much warmer than the water when the latter is
cold, but only slightly warmer than the water when it is warm. The mechanisms
of thermoregulation are discussed by Dizon and Brill (1979a).

Barrett and Williams (1965) measured the hemoglobin content of the blood
of 10 specimens of northern bluefin and found it to range from 18.7 to 21.0 g
per 100 ml of bloed.

3.5 Behavior

3.51 Migrations and local movements

Date for tagged northern bluefin released in the eastern Pacific (Bayliff
and Calkins, 1979) indicate that the fish tend to migrate northward along the
coast of Baja California and California from June to September. This pattern
of movement can also be discerned from Figure 4, which shows the distributions
of the catches by months. In the vicinity of Japan the fish tend to migrate
northward along the Pacific coast during the summer and southward during the
fall and winter. Smaller fish, weighing less than about 8.3 kg, tend to occur
near shore, whereas medium and larger fish usually occur further offshore
(Yamanaka et al., 1963). Large bluefin enter the Sea of Japan through the
Tsushima Channel, west of Kyushu, in the early summer, and migrate northward
as far as Hokkaido, or even Sakhalin Island and the Okhotsk Sea. Most of them
leave the 3Sea of Japan through the Tsugara Strait, north of Honshu. Some of
the smaller bluefin which occur in the northern Sea of Japan leave through the
Tsugara Strait and others migrate to the southwest coast of Honshu in the Sea
of Japan (Okachi, 1963a).

Eleven tagged fish have made trans-Pacific migrations, two from the
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western to the eastern Pacific and nine from the eastern to the western
Pacific (Orange and Fink, 1963; Clemens and Flittner, 1969). These are listed
in Table 2.
3.52 Schooling

Northern bluefin occur in schools at the surface until they reach roughly
100 to 200 pounds or 40 to 80 kg in weight. Catches in excess of 100 tons of
fish have been made from single schools, and Bell (1963a) reports that ¥in
August 1958, 8,000,000 pounds [3,629 metric tons] were removed from a school
group off San Benito Island [Baja Californial." They tend to school by size,
i.e. small fish with small fish and medium fish with medium fish. Purse-seine
vessels in the eastern Pacific sometimes catch northern bluefin in the same

sets with albacore, yellowfin, bigeye, skipjack, bonito, Sarda chiliensis, or

yellowtail, Seriola dorsalis. In the western Pacific Yamanaka et al. (1963)

report that small bluefin school with frigate or bullet tuna, Auxis sp.
3.53 Responses to stimuli
Inoue, Iwasaki, Amano, Acoki, and Yamauti (1970) found positive phototaxis
in captive northern bluefin, It is noteworthy that this species is caught
frequently by baitboats and trollers in the western Pacific (Tatsuki, Uto, and
Kitamura, 1963), but only rarely by such vessels in the eastern Pacific.
§  POPULATION
4,1 Structure
4.11 Sex ratio
Fragmentary information on the sex ratio of northern bluefin is given by
Bell (1963a) and Yamanaka et al. (1963).
4,12 Age composition
The numbers of northern bluefin of each age group landed in California by
commercial vessels during 1963-1969 were estimated by Schultze and Collins
(1977) to be as follows:

Age group 0 1 2 3 4 5 6

Number of 3,900 3,390,700 2,418,200 250, 100 12, 100 900 310
fish

Percentage 0.1 55.8 39.8 4,1 0.2 0.0 0.0
of fish
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4,13 Size composition

The annual length-frequency distributions of northern bluefin caught by
commercial gear in the western Pacific during 1963-1969 (Schultze and Collins,
1977) and 1973-1978 (Anonymous, 1979a) are shown in Figure 1. These data are
grouped by 2-cm intervals and smoothed by moving averages of three, with the
center frequency being given double weight. The monthly length-frequency dis-
tributions for 1976, a fairly representative year, are shown in Figure 2, The
average size of sport-caught fish is roughly 25 pounds (11 kg), equivalent to
a length of about 80 cm, but before the advent of the commercial fishery the
incidence of large fish in that fishery is believed to have been greater,

Tatsuki, Uto, and Kitamura (1963) show length-frequency data for fish
caught by baitboats and trollers in the western Pacific during January-April
1652-1954 and 1957-1959. The fish ranged from 44 to 70 em in length, with
modes at 50 to 58 em. Yukinawa and Yabuta (1967) and Maeda and Shiota (1979)
show similar data for January-December 1953-1963 (Figure 3) and November-
January 1974-1978, respectively. Weight-frequency data for fish caught by
purse-seines, longlines, and traps in various years are given by Yamanaka
(1958), Okachi (1963a), Yamanaka et al.(1963), Watanabe (1968), Nakamura
(1969), Shingu, Warashina, and Matsuzaki (1974), and Honma and Suzuki (1978).
These fish are considerably larger, many of them weighing more than 80 kg
(dressed weight).

4.2 Abundance and density

The best index of abundance and/or density of a species of fish is usu-
ally provided by catch per unit of fishing effort. Such data are not easily
obtainable for northern bluefin, however, as the vessels which fish for blue-
fin almost always fish for other species at the same time. Such being the
case, the best indications of annual fluctuations in abundance and/or density
are provided by annual catch data (Section 5.4, Figure 6, and Table 3). The
lower catches of the earlier years may be due to lower effort, or course.

Judging by the world catches of tunas (Joseph, 1973), northern bluefin
are considerably less abundant than skipjack, Katsuwonus pelamis, yellowfin,

Thunnus albacares, albacore, T. alalunga, bigeye, T. obesus, and bonito, Sarda

spp., and roughly as abundant as southern bluefin, Thunnus maccoyii.

4.3 Natality and recruitment
As the fecundity of northern bluefin is quite high (Section 3.1), obvi-

ously only a few of the offspring survive to maturity. Fish are recruited to

271



the troll and baitboat fisheries of the western Pacific during the summer of
their first year of 1life, when they are about 20 to 30 em in length (Yabe,
Ueyanagi, and Watanabe, 1966; Yukinawa and Yabuta, 1967). Fish are recruited
to the purse-seine fishery of the eastern Pacific during the spring following
their first year of life (Clemens and Flittner, 1969) when they are about 50
to 55 om long (Table 1),

4,4 Mortality and morbidity

Bayliff and Calkins (1979) used age composition data from Schultze and
Collins (1977) and tag return data from Bell (1970) to estimate the annual
instantaneous total rate of attrition of northern bluefin in the eastern

Pacific. The results were as follows:

Age composition data

Year class Instantaneous total rate of attrition
1962 1.81
1963 1.62
1964 3.10
1965 1.32

Tag return data

Year of release Instantaneous total rate of attrition
1962 1.90
1963 1.63
1964 1.69
1966 3.55

It was assumed for these calculations that the fishing effort was constant
from year to year and that the fish of the various age groups were equally
vulnerable to the fishery. The attrition rate estimated from the tag return
data includes mortality due to carrying the tags and losses due to shedding of
the tags, whereas that estimated from age composition data does not. These
were probably minor, however, relative to fishing and natural mortality and
emigration. 3ix of the estimates are relatively close to one another, and the
other two are considerably higher. The tagged fish released in 1966 were 15
to 25 pounds (7 to 11 kg) in weight, which means that they were members of the
1964 and 1965 year classes, Perhaps at the end of the 1966 fishing season a

much higher than usual portion of the age-2+ fish emigrated from the eastern
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to the western Pacific Ocean. If so, this could explain the high rates of
attrition for the 1964 year class estimated from age composition data and for
the tagged fish released in 1966 estimated from tag return data.

Tauchi (1940) estimated the annual survival rate of young fish to be 0.30
and that for adults to be 0.75 in the western Pacific. These are equivalent
to instantaneous total rates of mortality of 1.20 and 0.29, respectively.

4.5 Dynamics of the population

There have been no studies of the population dynamics of northern blue-
fin, although some of the data which would be useful for this purpose have
been collected.

4,6 The population in the community and the ecosystem

Doi (1960) used the catches of northern bluefin and those of squid and
five species of smaller fishes as indices of their abundance, and then applied
Volterra's predator-prey equations to the data to compare the observed and
theoretical abundances. The actual and expected results were fairly close for
the bluefin-squid model for 1951-1955 and for the bluefin-squid plus smaller
fish model for 1951-1956. Yokota, Toriyama, Kanai, and Nomura (1961) dis-
cussed the northern bluefin as a prey species and a predator species,

5 EXPLOITATION

5.1 Fishing equipment

In the eastern Pacific northern bluefin are caught almost entirely by
purse seines (McNeely, 1961; De Fever, 1968; Green, Perrin, and Petrich,
1971). The remainder of the catch is made by baitboat, trolling, and sport-
fishing gear. The purse seiners range in capacity from less than 50 to more
than 1,000 metric tons., Proportionally more bluefin are caught by the purse
seiners with capacities of less than about 300 metric tons. In the western
Pacific this species is caught at the surface by gill nets, purse seines,
traps (set nets), trolling gear, baitboat gear, harpoons, and sport-fishing
gear (Yamanaka et al., 1963; Anonymous, 1965a; Honma and Suzuki, 1978). The
purse seines have been employed with either one or two boats, but during the
1970's the former have largely replaced the latter. Most of these vessels
have capacities of about 100 to 500 metric tons. Most of the trolling vessels
have capacities of less than 5 metric tons (Hisada, Shingu, and Yonemori,
1979). Northern bluefin are caught beneath the surface in the western
Pacific, and to a much lesser extent in the central and eastern Pacific, with
longlines (Kanasashi, 1960; Yoshida, 1966b). The longlines are operated near
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Japan with vessels of about 20 to 50 gross tons (Yamanaka et al., 1963), and
in more distant waters with larger vessels.

5.2 Fishing areas

The monthly distributions of northern bluefin caught by purse seiners in
the eastern Pacific during 1969-1978 are shown in Figure 4., The figure
includes only data recorded in the vessel logbooks and made available to the
Inter-American Tropical Tuna Commission. These represent 72 to 98 percent of
the actual catches during the 1969-1978 period. Prior to 1930 fishing was
conducted only off California., During that year fish were discovered off Gua-
dalupe Island, Baja California, and about 40 percent of the catch in 1930 was
made in that area (Whitehead, 1931). From 1930 through 1947 fishing was con-
ducted off both California and Baja California, but in most years the majority
of the catch came from off California. From 1948 to the present, however,
most of the catch has been made off Baja California. The average annual
catches made off California during the 1960's and 1970's have been consider-
ably less than the average annual catches made in the same area during the
1918-1929 period. It is believed that the principal reason for this is that
during more recent years the larger vessels fishing off Baja California have
tended to intercept the fish before they reach the waters off California. It
should be remembered, however, that the distribution of the fish in the area
between Cabo San Lucas and Point Conception is also influenced by sea-surface
temperatures (Section 2).

According to Yamanaka et al. (1963), prior to the 1940's northern bluefin
were caught by gill nets southeast of Hokkaido and east of northern Honshu and
by longlines off the east coast of Japan from northern Honshu to Okinawa,
southeast of Taiwan, and northwest of Luzon. Fish were scarce during the
1940's, Since the early 1950's, at least, they have been caught by gill nets
and purse seines southeast of Hokkaido and east of northern Honshu and by
longliners off the east coast of Japan from southeast of Hokkaido to Okinawa
and south of Okinawa to about 18% north 1latitude., Hisada, Shingu, and
Yonemori (1979) state that northern bluefin are caught in traps on both the
Pacific and Sea of Japan coasts of Honshu and Hokkaido. The troll fishery is
pursued principally west and south of Kyushu and southeast of Kyushu, Shikoku,
and Honshu.

The areas in which Japanese longliners have recorded catches of northern
bluefin during 1972-1976 (Anonymous, 1974a, 1975a, 1976a, 1977a, and 1978b)
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are shown in Figure 5,

5.3 Fishing seasons

In the eastern Pacific northern bluefin are caught by purse seines in all
months of the year, but most of the catches are made during May through
October. The portion of fish longer than 100 cm is higher during November
through April than during May through October (Figure 2). Fish are also
caught during all months by the surface fishery in the western Pacific, The
purse-seine fishery takes place from May to October, and bluefin are caught in
traps during about the same period. Bluefin are caught by trolling west of
Kyushu during October to January, south of Kyushu from December to April, and
southeast of Kyushu, Shikoku, and Honshi during April to September (Hisada,
Shingu, and Yonemori, 1979), The offshore longline fishery is also pursued
during all months of the year.

5.4 Fishing operations and results

Some catch statistics for northern bluefin are presented in Figure 6 and
Table 3. The eastern Pacific data were obtained from Whitehead (1931), Bell
(1963a and 1971), Frey (1971), Oliphant (1973 and 1979), Pinkas (1974 and
1977), McAllister (1975 and 1976), and unpublished records of the Inter-
American Tropical Tuna Commission, The data for 1918 through 1960 include
only the catches landed in California, but it is believed that the catches
landed elsewhere prior to 1961 were inconsequential. The eastern Pacific sub-
surface catches for all years are omitted, but these are also believed to be
inconsequential. The western Pacific data for 1951-~1959 were obtained from
Yamanaka et al. (1963) and those for 1964-1978 from Anonymous (1971-1979).
Yamanaka et al.'s data are for "around Japan" only, but the catches made else-
where in the western Pacific were probably minor. Their 1951 and 1952 data
include southern bluefin, but the catches of this species in the vieinity of
Japan are probably inconsequential. Yamanaka et al. also state that fish were
scarcer during the 1940's than during the 1930's and 1950's. According to
Watanabe (1968) the trap catches in the Sea of Japan were poor during 1922-
1927, good during 1928-1939, poor during 1940-~1952, and good during 1953-1964.
6 PROTECTION AND MANAGEMENT

A few regulations concerning northern bluefin in the eastern Pacific have
been promulgated from time to time (Clemens, no date), but essentially there
is no management program in this area. 1In the western Pacific, according ¢to
Yamanaka et al. (1963), there are regulations regarding the numbers of fishing
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vessels which affect the catch of that species.
7 CULTURE

Northern bluefin have been raised in enclosures in Japan on an experimen-
tal basis for periods of up to 5 years (lleyanagi, Mori, Nishikawa, and Suda,
1973; Harada, Kumai, and Okamoto, 1976; Harada, 1978; Ueyanagi, 1978). The
experiments have been carried out at various locations on southern Honshu,
Shikoku, Kyushu, and Tsushima Islands. The fish are caught by traps and
trolling gear in the 1late summer and fall and transported to enclosures of
wire or synthetic fiber netting. They survive better if they are less than 1
kg in weight when caught and if they are handled with care. The trap-caught
fish survive better than do the troll-caught ones. Those which do not die due
to the shock of capture and handling survive better in wire enclosures than in
synthetic fiber enclosures, This is due to the fact that the wire enclosures
do not flex during stormy weather and because the water circulation is better
through them., If the enclosure is in an enclosed bay and the salinity
decreases suddenly due to heavy rainfall the fish are likely to die.

The fish have been fed various species of smaller fish, including mackm
erel, horse mackerel, anchovies, sand lance, round herring, saury, and frigate
mackerel, They can be induced to feed fairly easily, first beginning to eat
about 4 to 6 days after capture. The growth is rapid, fish of about 0.25 to
0.30 kg captured in August growing to about 2.5 to 3.0 kg by December, The
feeding decreases considerably in winter, and the growth ceases during that
period. If the water temperature goes below 15°C in the winter the growth
does not resume in the spring, but otherwise it does. Fish of about 33 cm and
500 g caught in late August 1972 grew to about 140 cm and 50 kg by November 1,
1975.

In June 1979 bluefin were observed to spawn in captivity for the first
time, and several hundred thousand eggs were collected and transferred to
hatching tanks. When they hatched the larvae were fed with Chlorella algae
and the rotifer Brachionus plicatilis. They grew to about 4 mm in 4 days
(Anonymous, 1979h and 1979i).

8 A MODEL FOR NORTHERN BLUEFIN MIGRATION IN THE PACIFIC OCEAN

A preliminary model for the migration of northern bluefin has been formu-

lated for this report. This model is based to a considerable extent upon the
ideas of Flittner (1966), Nakamura (1969), and Bell (1970). However, any
errors which appear in this section are the responsibility of the compiler of
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this report. It is anticipated that, as additional data accumulate, or as
different interpretations are made of the data presently available, the model
will be amplified, modified, or discarded in favor of one that appears to pro-
vide a better explanation of what has been observed.

Figure 7 is a diagram of the model. The migrations shown by dashed lines
are more speculative than those shown by solid lines. The diagram is intended
to show the general areas where the migrations are believed to begin and end,
but not the precise routes, as space limitations would make this impractical
even if the routes were known. For example, it appears that the route of
migration of the juveniles bound for the eastern Pacific is south of the route
of migration of the maturing fish bound in the opposite direction, but such is
not necessarily the case,

The spawning of northern bluefin occurs between Japan and the Philippine
Islands and southeast of Japan during April through July (Yabe, Ueyanagi, and
Watanabe, 1966; Nishikawa, Kikawa, Honma, and Ueyanagi, 1978). The larvae,
postliarvae, and juveniles are carried northward by the Kuroshio Current toward
Japan. Fish of age 0+ about 20 to 60 cm in length are caught in the vicinity
of Japan during the summer and fall of the same year (Yabe, Ueyanagi, and
Watanabe, 1966; Yukinawa and Yabuta, 1969). Some of these remain in the
western Pacific Ocean during the winter and others migrate to the eastern
Pacific {Clemens and Flittner, 1969). It is possible that others migrate from
the western to the eastern Pacifi¢ during their second, third, or even later
winters, but there is no evidence of this from tagging. For the 1964 year
class there was a shortage of age-1+ fish in the eastern Pacific in 1965, but
not a shortage of age~-2+ fish in 1966 (Schultze and Collins, 1977). This may
be due to the fish of that year class migrating from Japan mostly during their
second winter (1965-1966), instead of during their first winter (1964-1965).
The fish which migrate from the western to the eastern Pacific form the basis
for the fishery in the eastern Pacific, which takes place principally during
May through October. It is believed that during the rest of the year the fish
remain in the eastern Pacific Ocean, but become less vulnerable and/or avail-
able to the fishery at this time. A portion of them apparently spend the
winter in the vicinity of Guadalupe Island, as northern bluefin, especially
large ones, are caught there during all months of the year. Some of the fish
re—enter the eastern Pacific fishery in the following spring, while others

return to the western Pacific eventually to spawn. Those which re-enter the
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eastern Pacific fishery are destined eventually to return to the western
Pacific, however. The return journey to the western Pacific may take nearly 2
years, as 674 days is the minimum time recorded between release and recapture
of a tagged fish making this migration (Table 2)., This fish was 1+ years old
when released and 3+ years old when recaptured. Other tagged fish released at
age 1+ in the eastern Pacific were recaptured at age 3+ in the same area 2
years later and fish even older than 3+ years occur in that area (Section
3.31), so it is obvious that the length of the sojourn of the fish in the
eastern Pacific is not uniform.

In Figure 7 it appears that the fish in the eastern Pacific occur further
and further offshore and have an increasingly restricted north-south distribu-
tion as they grow older. It was necessary for the sake of clarity to make the
diagram this way, but actually such is not necessarily the case.

The fish caught by longline vessels between North America and Japan (Fig-
ure 5) are probably en route from the eastern to the western Pacific. Upon
arriving in the western Pacific they presumably proceed to the area between
Japan and the Philippine Islands and southeast of Japan to spawn, either
immediately or eventually.

Northern bluefin are also caught by longline vessels east of the Philip-
pine Islands, northeast of Papua New Guinea, and southeast of Australia, espe-
cially in the vicinity of New Zealand {(Figure 5), The question arises as to
whether these fish come from larvae, postlarvae, and juveniles which went
south from the spawning area, from young fish which migrated south from Japan
after a brief sojourn there, or from older fish which migrated south from the
spawning area after spawning. If either the first or second possibility is
the case there should be small northern bluefin south of 20° north latitude.
Small numbers of baitboat-caught northern bluefin have been recorded north of
Papua New Guinea and in the vicinity of the Solomon and Marshall Islands
{Anonymous, 1977f, 1977g, 1977h, 1977i, and 19773), so it appears that at
least some of the northern bluefin caught south of the spawning grounds by
longline vessels are the result of movement of larvae, postlarvae, and
juveniles from the spawning area or the result of migration of young fish
south from Japan. However, this does not mean that none of them are the
result of migration of adult fish south from the spawning area after spawning.

Larvae or postlarvae of northern bluefin have not been found in the

Australia-New Zealand area, so it is not likely that the fish which are caught
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there by longlines would have spawned there. Rather, they would have to
migrate back to the spawning area or not spawn at all.

After spawning the fish probably disperse from the spawning area to other
areas of the western Pacific. Some may even migrate to the eastern Pacifie,
though this seems unlikely. The following year they presumably return to the
spawning area to spawn again.

There might be several subpopulations of northern bluefin in the Pacific
QOcean, for example, one which originates in the spawning area, migrates to
Japan, and then returns to the spawning area to spawn, one which originates in
the spawning area, migrates to Japan, then migrates to North America, and
finally returns to the spawning area to spawn, and one which originates in the
spawning area, migrates to the area south of 20° north latitude, either
directly or by way of Japan, and then returns to the spawning area to spawn.
On the other hand, there may be only one subpopulation in the Pacific Ocean,
in which case the portions of this which migrate to the eastern Pacific Ocean
and the area south of 20° north latitude are presumably determined by oceano-

graphic conditions.
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TABLE 1. Age and growth data for northern bluefin. The sample of Bell consisted of 247 fish, of which

approximately half had legible scales.

Sample Age
Reference size 1 Z 3 A 5 6 7 8 9 10 Lo X
Aikawa and 21 43 69 94 118 145 168 190 210 230 250
Kato, 1938
Bell, 1963b about 57.10 72.08 90.65 106.95 128.50 142.00
124
Yukinawa and 97 51.8 78.2 102.0 123.5 142.9 160.3 176.1 320.5 0.103
Yabuta, 1967
Shultze and 2,743 53,0 80.4 104.8 126.3 145.5 162.4 295.4 0.120

Collins, 1977
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TABLE 2. Release and recapture data for northern bluefin which have made

trans—Pacific migrations.

Release Recapture

Area Date Length Area Date Length Days Miles
28%45'N-118°15'W  Feb. 2, 1958 ? 29°03'N-139%42'E  Apr. 23, 1963  182.5 1,907 5,147
29943'N-117°20'W  Aug. 15, 1962 ? 40°44'N~140°00'E  Jun. 18, 1964 ? 674 4,781
29%43'N-117°20'W  Aug. 15, 1962 ? 41°39'N-141°09'E  Aug. 17, 1964 115 734 4,708
29950'N-117°13'W  Aug. 16, 1962 ? 41°15'N-140%43'E  Aug. 29, 1964 ? 745 4,737
29948'N-116°57'W  Aug. 14, 1962 ? 34°16'N-136°54'E  June 23, 1965 138 1,045 5,124
33921'N-119°01'W  Aug. 21, 1962 ? 41°43'N-141°03'E  Aug. 10, 1965 120 1,086 4,514
32°41'N-117955'W  Aug. 20, 1964 60 38°925'N-139°15'E  Jul. 1, 1966 110 681 4,746
30°30'N~116%45'W  Aug. 13, 1964 85 38949'N-142°28'E  Jul. 4, 1968 ? 1,422 4,734
32041'N-117°55'"W  Aug. 20, 1964 65 39°37'N-143°16'E  Jul. 14, 1968 158 1,425 4,549
35031'N-14046'E  Aug. 27, 1965 36 27°00'N-144%34'W  Jul. 15, 1966 68 323 5,124
35930'N-140°53'E  Aug. 27, 1965 36 30°01'N-116°39'W  Aug. 9, 1966 71 348 4,923




TABLE 3.

Catches of northern bluefin in the Pacific Ocean in metric tons.

1979 value is preliminary.

The

Eastern Pacific

Western Pacific

Year surface fishery surface and Total
Commercial  Sport subsurface fishery

1918 2,722

1919 6,800

1920 4,776

1921 894

1922 1,275

1923 1,460

1924 1,470

1925 1,725

1926 2,960

1927 2,222

1928 6,215

1929 3,414

1930 9,943

1931 1,603

1932 486

1933 254

1934 8,327

1935 11,418

1936 8,584 33

1937 5,758 46

1938 8,041 135

1939 5,369 112

1940 9,058 78

1941 4,318

1942 5,826

1943 4,617

1944 9,228

1945 9,341

1946 9,993

1947 9,452 25

1948 2,961 1

1949 1,991 22

1950 1,242 0

1951 1,752 81 15,400 17,233
1952 2,076 2 13,700 15,778
1953 4,433 48 14,600 19,081
1954 9,537 11 16,600 26,148
1955 6,173 93 21,700 27,966
1956 5,727 388 33,100 39,215

292



TABLE 3. (continued)

Eastern Pacific Western Pacific
Year surface fishery surface and Total
Commercial  Sport subsurface fishery

1957 9,215 73 21,100 30,388
1958 13,934 10 9,000 22,944
1959 6,914 15 9,300 16,229
1960 5,422 1

1961 9,603 26

1962 14,651 28

1963 14,189 8

1964 10,642 8 19,300 29,950
1965 7,556 1 22,200 29,757
1966 16,846 23 21,800 38,669
1967 6,601 36 19,100 25,737
1968 6,063 14 24,300 30,377
1969 7,172 17 17,500 . 24,689
1970 4,024 21 15,200 19,245
1971 8,415 8 14,800 23,223
1972 13,390 17 5,400 18,807
1973 10,576 61 4,800 15,437
1974 5,748 65 10,629 16,442
1975 9,578 38 7,126 16,742
1976 9,822 23 5,387 15,232
1977 5,233 8,897 14,130
1978 5,355 14,158 19,513
1979 6,117
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FOREWORD

The first synopsis of bioclogical data on skipjack in the Pacific Ocean was compiled
by Waldron (1963) and presented in 1962 at the World Scientific Meeting on the Biology
of Tunas and Related Species at La Jolla, California, sponsored by the Food and
Agriculture Organization of the United Nations., Much of the information in the present
paper was obtained from a synopsis of biological data on skipjack from all oceans by
Matsumoto and Skillman (in press), and the writer is indebted to these investigators for
the use of their manuscript. The present synopsis, however, includes considerable
additional information from recent investigations and reports,

The reviews by Blackburn (1965) and Sund, Blackburn, and Williams (1980) of the
known and hypothesized relationships between environmental properties and tunas,
including skipjack, are valuable to those readers interested in the ecology of skipjack.
Useful bibliographies have been compiled by Klawe and Miyake (1967) on the biology and
fisheries of skipjack in the Pacific, and by Richards and Klawe (1972) on the eggs and
young of tunas, including skipjack.

The writer is grateful for critical reviews of the manuscript by A. W. Argue,
Maurice Blackburn, Thomas P, Calkins, and Ronald G. Rinaldo.
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1 IDENTITY
The scientific name for the skipjack tuna is Katsuwonus pelamis.
2 DISTRIBUTION
2.1 Total area
Skipjack are distributed across the Pacific in tropical and sub-tropical latitudes,

usually in waters exceeding 20°C at the surface. In the western Pacific, because of
poleward-flowing warm currents, they occur com monly from about 40°N to about 40°3,
whereas in the eastern Pacific, because of cold equatorward currents, they occur
com monly from about 30°N to about 30°S (Brock, 1959; Kearney, 1978; Matsumoto and
Skillm an, in press). Rare occurrences of skipjack are shown by Matsumoto and Skillman
(in press) as far north as 50°N in the western Pacific and 49°N in the eastern Pacific, and
as far south as 49°S at 180° and 35°S in the eastern Pacific. Off Tasmania skipjack have
been recorded as far south as 43°S (Blackburn and Serventy, 198 1),

In the western Pacific skipjack fisheries occur in the vicinity of Japan, the Ryukyu
Islands, Taiwan, the Bonin Islands, the Mariana Islands, the western Caroline Islands, the
Philippine Islands, Indonesia, Papua New Guinea, the Sclomon Islands, Australia, and New
Zealand. In the central Pacific fisheries occur near the Hawaiian Islands and in French
Polynesia. In the eastern Pacific fisheries occur near Baja California, the Revillagigedo
Islands, Clipperton Island, Central A merica, northern South A merica, Cocos Island, and
the Galapagos Islands. Incidental catches of larger skipjack by longliners fishing for
tunas and billfishes show that skipjack are widely distributed throughout the Pacific
(Miyake, 1969; Matsumoto, 1975).

2,2 Differential distribution

2.21 Spawn, larvae, and juveniles

The eggs of skipjack cannot yet be differentiated from those of other tunas, so that
the distribution of the spawn is unknown,

"In the Pacific Ocean, the known distribution of skipjack larvae now extends from
near lat. 35°N off dJapan to as far south as lat. 37°S off the southeastern part of
Australia. The distribution remains wide eastward until slightly past the Hawailian
Islands in the northern and the Society Islands in the southern hemisphere. The
distribution then narrows abruptly toward the equator at about long. 15°W and remains
within 10° to 15° of latitude on either side of the equator to the Central and South
American coasts" (Matsumoto and Skillman, in press).

Ueyanagi (1969b) and Nishikawa, Kikawa, Honma, and Ueyanagi (1978) show the
distribution of skipjack larvae captured in net tows by Japanese research vessels (Figure
. Klawe (1963) found few larvae in the eastern Pacific (see Matsumoto, 1966).
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Unpublished data from the Far Seas Fisheries Research Laboratory, Shimizu, Japan, and
data from Ueyanagi (1969b) and Ueyanagi, Mori, and Nishikawa (1969a) show that larvae
are concentrated in the equatorial regions and that the abundance increases from east to
west, Matsumoto (1975), however, after making adjust ments for differences among net
tows, found the greatest abundance of skipjack larvae between 160°E and 140°W.
Skipjack larvae occur above the thermocline (Klawe, 1963; Matsumoto and Skillman, in
press), The Japanese data for the Pacific west of 180° show that skipjack larvae were
captured in 22% of surface tows and 55% of subsurface tows (Forsbergh, 1980a).
Skipjack larvae are scarce at the surface during the day; they are more common at the
surface at night, but are still fewer than at deeper levels (Ueyanagi, 1969b).

Juvenile skipjack are rarely seen or captured by fishermen (Kearney, 1978). In
1979, however, near Oroluk Atoll and Ponape in the Pacific Islands Trust Territory, a
research baitboat using very small lures captured juvenile skipjack from schools where
the average length was less than 30 cm, Large amounts of skipjack with an average
weight of less than 0.5 kg were also reported in the area from 6°N to 8°N and 151°E to
153°E (Kearney and Hallier, 1980).

Most juvenile skipjack have been collected from stomachs of larger tunas and
billfishes, from experimental mid-water trawls, and by dipnetting at night under a light.
Higgins (1967) defined juvenile tunas as those between 12 mm and 30 cm in length, and
compiled all records from the Pacific for the 1916-1966 period: 372 juvenile skipjack
were listed from west of 180°, 135 from 180°-140°W, and only 11 east of 140°W,

Yoshida (197 1b) examined 1,742 juvenile skipjack from the stomachs of billfishes
caught by longline near Hawail and in the south central Pacific (593-32°8, 180°-135°W)
and concluded that the juveniles were as widely distributed as the larvae, Mori (1972)
defines juvenile skipjack as those less than 15 c¢m long, and young skipjack as those
between 15 and 35 c¢m long. He examined the data from 3,778 juveniles and young
skipjack from the stomachs of billfishes and tuna caught on longlines in the Pacific and
showed the relative apparent abundance of juveniles to be greatest west of 180° between
10°N and 10°S and lowest east of 120°W. Mori observed that the distribution of juveniles
was similar to that of the larvae, with the juveniles prevailing in areas with surface
tem peratures greater than 24°C, and that the young were more widely distributed and
more common in areas with surface te mperatures less than 24°%¢, He suggested that the
young skipjack leave the nursery ground to disperse themselves when they reach alength
of around 30 ecm. The seasonal distributions of juveniles and young are shown in Figure 2,

From the distribution of baitboat-caught tunas, mostly skipjack, with juvenile
skipjack in their stomachs, Conand and Argue (1980) concluded that the apparent
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abundance of juveniles in a vast area of the central Pacific was greatest between the
equator and 25°S., No juvenile skipjack were found in large numbers of stomachs from
temperate waters off northern New Zealand and southeastern Australia.

Predation on juvenile skipjack is discussed in Section 3.34.

2.22 Adults

Fishing by longliners is widespread throughout the western and central Pacific, but
in the eastern Pacific it is less intense and occurs only in some areas. Although few
skipjack are captured by longline, occurrences indicate the range of the larger adultsin
the western and central Pacific, the longline gear being selective for the larger skipjack
(Miyake, 1968). The latitudinal limits by quarters for skipjack caught by longliners are
shown in Figure 3.

Maps of the distributions of catches of adult skipjack by Japanese baitboats in the
western Pacific for the 1972-76 period have been made by Kasahara (1978). The
quarterly catches for 1975 and 1976 are shown in Figure 4. Catches have been made off
Japan as far north as 35°N in the first quarter and 44°N in the third quarter, Catchesin
the southern hemisphere have been made as far south as 23°S off Australia. There
appear to be more fish caught south of the equator in the first and fourth quarter, but
this is caused by the fact that more boats fish in this area when the northern areas are
too cold for skipjack. Japanese baitboats have made catches as far east as 160°W in
1976.

Honma and Suzuki (1978) have made maps of the distribution of catches of skipjack
by Japanese purse seiners during the 1968=1974 period. Off Japan, catches were highest
from May to August, and north of the island of New Guinea catches were highest from
October to March. Skipjack occur from October to April off northern New Zealand
(Clement, 1976 and 1978). Large concentrations of skipjack have been seen as far south
as southeastern Tasmania (Robins, 1952).

Skipjack have been fished along the west coast of the Americas from 34°N off
southern California to 27°S off northern Chile. The northern extent of the range
fluctuates with sea temperature from 25°N in February, March, and April to 34°N in
August, September, and October (Williams, 1970), Maps of the distributions of catches of
skipjack in the eastern Pacific are shown in Calkins and Chatwin (1967 and 197 1), Calkins
(1975), and Anonymous (1976b, 1977b, 1978a, 1979a, and 1980a).

2.3 Determinants of distribution changes

Summaries of the determinants of distribution changes of tunas, including skipjack,
have been made by Blackburn (1965) and Sund, Blackburn, and Williams (1980).
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2.31 Larvae and juveniles

Skipjack larvae are seldom found below 70 m and are most common above the
thermocline (Matsumoto, 1958; Strasburg, 1960; Klawe, 1963; Matsumoto and Skillman, in
press). They are generally limited to water > 24°C although they have been found in
water of 22.1°C (Matsumoto, 1974). Data from net tows reported by Ueyanagi (1969b),
and Ueyanagi, Mori, and Nishikawa (1969a) show that the percent cccurrence {presence
or absence) of skipjack larvae in subsurface net tows increases with te mperature while
the percent occurrence in surface net tows increases with temperaure to about 28°C and
then decreases with further increases in te mperature (Forsbergh, 1380). Because many
more skipjack larvae are found below the surface than at the surface, the cumulative
effect in the water coclumn is for the occurrence to increase with temperature
(Anonymous, 1972a).

Juvenile skipjack (7-47 mm in standard length) were collected by midwater trawl
near Hawaii by Higgins (1970) with deep (100 m) and shallow (20 m) tows during the day
(1200-1800 hours), night (2000~0200), and morning (0400-1000). He stated that: "Shallow
tows at night tended to cateh the most juvenile skipjack tuna and deep tows at night, the
fewest, Catches during the morning were not significantly different from those at night,
but shallow-morning tows tended to be less productive and deep—morning tows to be more
productive than the corresponding tows at night. Daytime catches are about the same in
shallow and deep tows. The differences in the catch rates for skipjack tuna between
shallow and deep tows, at different times are assumed to be the result of diel vertical
migration... Skipjack tuna were significantly larger in deep tows (average 14.4 mm) than
in shallow tows (average 11,1 mm) during all three towing periods. Although the
apparent tendencies were not significant, night and morning tows at the deeper depth
also tended to cateh larger skipjack tuna than day tows. It was tentatively concluded
that the smaller skipjack tuna live primarily in the upper isothermal layer, whereas the
larger individuals tend to occur in deeper water.”

2,32  Adults
2.321 Surface temperature

Temperature ranges for skipjack in the Pacific have been sum marized by Willlams
(1970). Off Japan Uda (1957) gave ranges of 17.5°-30°C for occurrence and 20°-24°¢C for
fisheries. In the eastern Pacific Broadhead and Barrett (1964) and Blackburn (1969)
showed that fishable concentrations occasionally were found as low as 17°C and as high
as 30°C, but usually were found between 20° and 28°C; Williams (1970) found that the
catch-per-standardized-day's-fishing greater than one ton/day "“is normally limited to

20°-29°C water, except in two areas in certain years; from the Gulf of Tehuantepec to
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Cape Mala rates of 1=9 tons/day are relatively common at 29°-30°C, and off Chimbote
(Peru) occasionally>9 tons/day are recorded down to 18°C." At the northern range of the
eastern Pacific fishery the occurrence of skipjack off western Baja California follows the
seasonal movements of the 18°-21°9C isotherms; while at the southern range off Ecuador,
Peru, and sometimes northern Chile, seasonal temperature changes do not have such a
clear effect on skipjack distribution (Williams, 1970). Although there has been no
com mercial fishery for skipjack off southeast Tasmania, Robins (1952) reported
experimental catches between 14.7° and 20.8°C, with most occurring between 16.0° and
18.0°C. Blackburn and Serventy (1981) showed that the southern range limits for
captures of skipjack off southeastern Australia and Tasmania closely follow the seasonal
movements of the 16°C surface isotherm,

The optimum range for com mercial fishing for five hypothesized subpopulations of
skipjack was submitted by Sharp (1978) as follows:

Northeastern Pacific 20°-26°¢
Southeastern Pacific 20°-28°¢
New Zealand 17°-23°¢C
Papua New Guinea 28°-30°¢
Northwestern Pacific 200-28°¢C

Blackburn (1965) concluded that though surface te mperature determines the limits
of tuna distribution, including that of skipjack, is does not determine the distribution of
the abundance within those limits.

2.322 Surface salinity

According to Blackburn (1965) salinity, per se, does not determine the distribution
of tunas, including that of skipjack, but may indicate oceanic conditions which are
associated with tunas,

In the Hawailan skipjack fishery Seckel (1972) found that the landings were high in
those years when the sea-surface temperatures began increasing before the end of
February and the mean spring salinities were between 34.6 and 34.8 0/00, indicating that
favorable conditions are limited to the high-salinity part of the California Current
Extension as it moves through the Hawaiian Islands in the sum mer {see also Seckel,
1963). Donguy, Bour, Galenon, and Guererdrat ( 1978) showed that the catches of skipjack
by Japanese baitboats in the southwestern tropical Pacific appear to be greater in waters
with salinites of 35 o/00 or less, because the 35 ¢/00 isohaline in this region can be
associated with the presence of convergences where forage may be concentrated.

2.323 Surface currents
Surface currents indirectly influence the distribution of tunas by modifying the
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distribution of sea-gurface temperature limits (Brock, 1959; Blackburn, 1965). The warm
North and South Equatorial Currents flow westward at low latitudes and are deflected
poleward along the western shore, The cold North Pacific Current flows eastward at
higher latitudes and most of it is deflected to the southeast on reaching the eastern
shore; while in the southern hemisphere the West Wind Drift flows eastward at high
latitudes, mostly into the Atlantic but with a part deflected northward along the coast of
South America. The latitudinal distribution of skipjack is thus related to currents
through the poleward expansion of warm water in the western Pacific and the
equatorward intrusions of cool water in the eastern Pacific (Figure 3).

The investigations of the relationship of skipjack and currents off Japan has been
sum marized by Uda (1962) and Kawasaki (1965). Uda stated that: "A study of
oceanographic conditions showed that good catches were made during years with warm
water temperatures, whereas poor catches were made during years with cooler water
temperatures. These differences in temperatures were primarily related to the relative
strengths of the warm Kuroshio and the cool Oyashio,

"It was postulated that recruitment of skipjack is favored by the enriched zones
associated with upwelling in the Equatorial Countercurrent and near the Equator. From
these tropical waters there is a migration of skipjack (composed mainly of medium-sized
fish) into Japanese waters. When the warm Kuroshio water spreads over a broad area,
more skipjack become available to the Japanese fishery,

"Conversely a strong Oyashio current (cold water) hinders the migration, and
catches are low. However, good catches may also be made when both the Oyashio and
Kuroshio are strong. Under the latter conditions skipjack are concentrated along the
boundary between the warm and cold water (Polar Front)."

Models for the migration of skipjack in the currents of the eastern and central
Pacific proposed by Seckel (1972) and Williams (1972) are described in Section 3.5 1.

2.324 Fronts, convergences, and upwelling areas

"Fronts are probably best considered as boundaries (lines of convergence) between
surface waters of different densities, recognizable by strong horizontal gradients of
te mperature and/or salinity, and accompanied by some sinking of one or both of the types
of water involved., Drifting or weakly swim ming biota (zooplankton) are believed to be
carried towards a front from one or both sides and aggregated there, and strongly
swim ming biota (nekton) are thought to move into the front to feed on the aggregations”
(Blackburn, 1965).

During six cruises off Baja California, however, no evidence was found of tuna prey
aggregating in the front off Cabo San Lucas (Blackburn, 1969).
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One of the most intensely fished areas in the eastern Pacific skipjack fishery has
been the Gulf of Guayaquil area. "Most of the skipjack fished in the area has been
captured east of 83°N between 0° and 5°S. These fishing grounds lie in the equatorial
thermal front between the cold upwelled waters of the Peru Current and its extension
and the warm waters north of the equator. Sea-surface temperatures change very
rapidly with latitude in the frontal area, and the intensity of the gradient and the
position of the front vary with season and among years" (Anonymous, 1978a). No
significant correlations were found between apparent abundance of skipjack and the
intensity of the temperature gradient or mean temperatures in the area.

In the western equatorial Pacific, skipjack catches by Japanese baitboats are said
to be concentrated on the warm, low-salinity, side of convergences located near 5°N and
59s (Donguy, Bour, Galenon, and Gueredrat, 1978). Good fishing for skipjack and other
tunas is found at the front between the warm Kuroshio Current and the cool Oyashio
Current (Uda, 1953; Uda and Ishino, 1958).

Skipjack are frequently caught around floating objects (Hunter and Mitchell, 1967;
Greenblatt, 1979) which may sometimes be associated with fronts (Blackburn, 1965).

Off western Baja California, skipjack and yellowfin (Thunnus albacares) prey

heavily on the red crab (Pleuroncodes planipes), a herbivore, which is found in great

abundance in the cool upwelling areas where phytoplankton is concentrated. When
surface temperatures are less than 20°C the tunas generally feed on red crab at the
edges of these areas, and move into these areas where red crab is concentrated when
te mperatures increase (Blackburn, 1969; Sund, Blackburn, and Williams, 1980).

In the northern part of the Panama Bight the abundance of skipjack appears to be
related to upwelling which occurs from January to April, while catch rates of skipjack
peaked from April to July, the lag being attributed to the time required for the
production of forage organisms (Forsbergh, 1969).

2.325 Vertical distribution

Skipjack were observed from a small submarine off the Hawalian Islands at depths
of around 600 ft (183 m; Anonymous, 1965b) and at 98 to 152 m (Strasburg, Jones, and
Iversen, 1968).

The movements of three skipjack approximately 70 cm long equipped with
ultrasonic transmitters were followed by Dizon, Brill, and Yuen (1978). The three fish
spent 85% of their time in water warmer than 20°C, but dove into water colder than
16°C for short periods. The fish which was tracked the longest time (24 hours) spent the
night between the surface and 75 m, but during the day and the twilight ranged from the
surface to 263 m.
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The vertical distribution of skipjack is limited by the vertical distribution of
temperature and oxygen concentrations necessary for their survival,

Skipjack from Hawail require a minimum temperature of 18°C and a minimum
oxygen concentration of 3.0-3.5 ml 7 for long-term survival, though they have survived
at lower values for several hours; the upper temperature limit decreases with increasing
size from 30°C or more for small fish to as low as 20°C for large fish (Barkley, Neill, and
Gooding, 1978). These investigators suggested that: "... only young skipjack tuna can
inhabit tropical surface waters, and that the habitat of adult skipjack tuna in the tropics
is the thermocline and not the warmer surface layer, as has generally been thought.
Since the thermocline in many areas is too oxygen~poor to support these active fish and
the well-oxygenated surface layer is too warm for adult skipjack tuna, only heat-tolerant
young skipjack tuna can live in those areas. As they grow, these fish are forced to move
into areas where well-oxygenated water of the proper temperature is more readily
available." Maps of the geographic distribution of the hypothesized skipjack habitats in
the Pacific based on vertical distributions of the limiting properties are shown in the
above paper and in that of Sharp {1978). Sharp, however, used lower values for minimum
tolerance limits: 15°C for temperature and 2.5 ml 17 for oxygen concentration,
According to these maps the habitat available to skipjack i3 more vertically restricted
and shallower in the eastern Pacific than in the western and central Pacific,

2.4 Hybridization

Hybridization has not been found in skipjack.

3 BIONOMICS AND LIFE HISTORY

3.1 Reproduction

Skipjack are heterosexual. The rare occurrences of hermaphroditism that have
been reported are mentioned by Thomas and Raju (1964),

Results of investigations on the sexual maturity of skipjack have been sum marized
by Matsumoto and Skillman {in press). From the Marshall Islands area, Marr (1948) found
the smallest fish with spent ovaries to be 400 mm in fork length; off southern Japan,
Yabe (1954) found that the smallest fish with mature ova was 468 mm long; off Hawaii,
Brock (1954) found that the smallest fish with maturing ova were about 400 to 450 mm
long; Yoshida (1966) found that the smallest fish from the Marquesas and Tuamotu Islands
with advanced or developing ovaries was 430 mm long; Hu and Yang (1972) determined
that fish of both sexes caught off Taiwan were mature at 430 mm. Wade (1950a),
however, reported a fish from off the Philippine Islands in the 340~ to 349-m m size class
with ripe ovaries; Matsumoto énd Skillman, {in press) suggested that this could be an

anomaly or an error in the determination of gonad development.
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Iversen, Nakamura, and Gooding (1970) reported on a pair of skipjack that appeared
to be courting, observed by scuba divers in an underwater sled in Hawaiian waters, as
follows: "The two fish observed from the sea sled were noticed because they were not
feeding on the live bait that had been chummed into the water. After watching them for
20-30 seconds, during which time they remained close together while swim ming back and
forth in front of the sled several times, it became obvious these two fish were paired.
Twice while swim ming side by side the ventral portions of their bodies almost touched.
They were tilted about 30° from the vertical in opposite directions when this occurred.
Once we saw what appeared to tail nosing... by the following (i.e., rearmost) fish. The
following fish was slightly below the lead fish and approached it closely from the rear, its
snout coming to within a few centimeters of the caudal fin of the lead fish. At the
closest point of approach, the following fish displayed dark vertical bars on its sides for
several seconds." This behavior has also been described by com mercial fishermen in
Hawaii,

Artificial fertilization of skipjack eggs was first accomplished in 1972 using fish
caught by purse seine off Japan (Inoue, Tutumi, Nagaoka, and Nagata, 1974; Ueyanagi,
Nishikawa, and Matsuoka, 1974).

The literature on gonads of skipjack has been reviewed by Batts (1972) and
Matsumoto and Skillman (in press). The latter proposed a new classification of maturity
stages based on descriptions of the ova and ovaries,

In order to avoid measuring ova, some authors have used gonad indices, which are
ratios of ovary weight to body weight or length used as measures of maturity. Yoshida
(1966a), however, found that ova diameter was not related to gonad index at higher
indices. Matsumoto and Skiliman (in press) concluded that for skipjack the gonad index
did not appear to be a good measure of maturity.

The fecundity of tunas is roughly 100,000 eggs of the largest mode per kilogram of
body weight (Joseph, Klawe, and Murphy, 1979). Investigations of the fecundity to length
relationship in skipjack from all oceans have been reviewed by Matsumoto and Skillman
(in press), who showed that the relationships differed among sources and regions. The
fecundity estimates ranged from about 100,000 to 2,000,000.

"t would be most difficult to estimate the total annual egg production of the
skipjack tuna because of (a) the extremely large variation in number of ova among fish of
the same size, (b) the uncertainty in the number of times a fish spawns during the year...,
(c) the possibility of reduced fecundity at successive spawnings in the same year (Joseph,
1963), and (d) incom plete knowledge concerning the size composition and total abundance

of the spawning stocks" (M atsumoto and Skillman, in press).
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It is generally agreed that skipjack spawn several times in a spawning season
(Brock, 1954; Buhag, 1956; Raju, 1964; Matsumoto and Skillman, in press). For skipjack
caught in the Atlantic off North Carolina, Batts (1972) found three distinct modes (0.15
mm, 0.50-0.60 mm, and 0.95 mm) in the egg diameter of nearly ripe fish, and residual
eggs in fish having a new ripening group of eggs, and concluded that skipjack were
multiple spawners.

"Gonadal studies in the Pacific Ocean... indicated that skipjack tuna spawn
throughout the year in tropical waters near the equator and from spring to early fall in
subtropical waters with the spawning period becoming shorter with increasing distance
from the equator. Because sampling for gonads required the capture of adults, these
studies have generally been done on a commercial basis or in waters subjected to heavy
experimental fishing. These areas include waters south of Japan, Philippine Islands,
Marshall Islands, Hawaiian Islands, New Caledonia, Marquesas-Tuamotu Archipelago and
off Central America... Larval captures, also indicative of spawning activity, have
oceurred not only in the areas mentioned above and in similar months, but also in
intervening waters" (Matsumoto and Skillman, in press).

On the basis of gonad indices, Naganuma (1979 concluded that smaller adult
skipjack (40-60 cm) in the western Pacific between 15°N and 20°S spawn from October
to March, which is the warmer season in this area, both north and south of the equator,
and that the larger fish (60 cm) north of 15°N spawn in the northern sum mer,

The ripe eggs of skipjack are spherical and transparent and about 1 mm in
diameter, with a yellow oil globule (Yoshida, 1966a). Spawned eggs collected at sea
cannot be distinguished from those of other scombrids,

3.2 Preadult phase

A bibliography of the eggs, larvae, and juveniles of tunas, including skipjack, is
given by Richards and Klawe (13972).

The development of skipjack embryos from artificially fertilized eggs has been
described by Inoue, Tutumi, Nagoaka, and Nagata (1974) and Ueyanagi, Nishikawa, and
Matsuoka (1974)., The latter investigators found that around 27°C hatching occurred 22
to 27 hours after fertilization,

Larval skipjack have been described by Matsumoto (1958) and Ueyanagi, Mori,
Nishikawa, and Suda (1973). Newly hatched larvae from artificially fertilized eggs were
about 2.6 mm in total length. At temperatures of 24° to 26.5°C the larvae required
about 2 days to absorb their yolk sacs. None survived more than 5 days because of
unsuccessful initial feeding just after the yolk sac was absorbed (Ueyanagi, Nishikawa,
and Matsuoka, 1974).
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Biologists of the U.3, National Marine Fisheries Service in Honolulu, Hawaii, have
succeeded in artificially fertilizing eggs from skipjack caught by baitboats. The first
group of eggs hatched in 30 hours and the larvae began feeding on rotifers about 2 1/2
days later, but the mortality was high and none survived more than 8 days after
hatching. Larvae from the second group of eggs had a much lower mortality, and at the
time of writing were feeding well 7 days after hatching (Anonymous, 1980d). Female
skipjack kept in tanks at the Kewalo Research Facility at Honolulu, Hawaii, produced
ripe eggs and released them, apparently as a response to the stress of captivity. A supply
of fertilized eggs is thus available for experimentation, at least during the summer
months (Anonymous, 1980e).

On reaching a length of 12 m m, the larvae are considered to be juveniles,

The information available on the adolescent phase of skipjack had been discussed in
Section 2.21.

3.3 Adult phase

3.31and 3.32 Longevity and hardiness

A reliable method for determining the age of skipjack has not yet been developed.
Crude estimates of age based on size, and on growth rates derived from tagging and
modal progressions of length-frequency data are all that are available.

Miyake (1968) showed one fish caught by longline to be in 106.5- to 108.4-cm size
class and Matsumoto and Skillman (in press) estimated that it would have been at least 12
years old,

The growth rate of skipjack is discussed in Section 3.43.

Skipjack are less tolerant to the stresses of confinement in purse seines than are
yellowfin and other larger species of tuna. For this reason attempts to tag skipjack
captured by purse seines have been discontinued by the Com mission.

The tolerance of skipjack to temperature and oxygen concentrations has been
discussed in Section 3,44,

3.33 Competitors
Waldron (1963) lists the following fish which have been seen feeding with

aggregations of adult skipjack; whale shark, Rhincodon typus; yellowfin, Thunnus

albacares; albacore, T. alalunga; kawakawa, Euthynnus affinis; bullet or frigate tuna,

Auxis sp.; mahi-mahi, Coryphaena hippurus; and rainbow runner, Elagatis bipinnulatus,

He adds that seabirds also may be considered competitors, as they feed on some of the
same organisms at the surface as do skipjack.
3.34 Predators
Waldron (1963) lists the following species as predators on juvenile or adult skipjack
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in the Pacific: skipjack; yellowfin; albacore; bigeye, Thunnus obesus; wahoo,

Acanthocyblum solandri; Chinese seerfish, Scomberomorus sinensis; black marlin,

Makaira indica; blue marlin, M. nigricans; striped marlin, Tetrapturus audax; sailfish,

Istiophorus platypterus; thresher shark, Alopias sp.; and snake mackerel, Ge mpylidae.
Investigations of stomach contents of tunas caught in the central Pacific showed
that skipjack occurred in 1.5% of 1,097 yellowfin stomachs (Reintjes and King, 1953), in
3.9% of 439 yellowfin and none of 166 bigeye stomachs (King and Ikehara, 1956), and
7.8% of 707 skipjack stomachs (W aldron and King, 1963). From 603 skipjack caught near
the Marquesas and Tuamotu Islands, 9.5% of the stomachs contained juvenile skipjack

ranging from 4 to 15 ¢m long (data in Nakamura, 1965). Stomach contents of 5,956
skipjack and 751 yellowfin caught throughout a vast area of the Pacific from 134°E to
140°W and 25°N to 42°S showed that 3.3% of the skipjack and 2.3% of the yellowfin
contained juvenile skipjack, most of them ranging from 2 to 14 cm in length, and
comprising about two-thirds of all species of juvenile tunas found in the stomachs
(Conand and Argue, 1980). In the eastern Pacific fishery, no skipjack were found in 2,317
skipjack stomachs, and only one was found in 3,763 yellowfin stomachs (Alverson, 1963).
Cannibalism is apparently prevalent in the central and western Pacific, but not in the
eastern Pacific, which is not surprising in view of the fact that juvenile skipjack are rare
in the eastern Pacific (Section 2,21, "Small skipjack are common in the stomachs of
larger fish of this species and may represent one of the major food items, This suggestion
can be carried further, for there is no doubt that adult skipjack represent the greatest
biom ass of recognizable predators in the area of known distribution of skipjack larvae in
the Pacific (i.e., the surface layers of the most tropical waters), therefore the hypothesis
that skipjack are potentially their own greatest predators, at least numerically, has great
credibility” (Kearney, 1978).

A total of 1,742 juvenile skipjack were found in the stomachs of 6.867 billfishes
caught in the central Pacific: 12% of the stomachs from Hawaii containéd skipjack,
while 19% of those from the south Pacific contained skipjack (Yoshida, 197 1b). Mori
(1972) found 5,019 skipjack in 6,504 stomachs of 10 species of billfishes, and 832 skipjack
in 6,088 stomachs of 5 species of tunas caught in the Pacific, Indian, and Atlantic
Oceans. The size of the skipjack ranged from 3 to over 70 c¢m in standard length, with
most measuring between 6 and 20 ecm. The average number of skipjack per stomach was
highest for sailfish, shortbill spearfish (Tetrapterus angustirostris), and blue marlin with
values of 2.06, 1.24, and 106, respectively, for fish from the tropical western Pacific
(Mori, 1972: Table 4).
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3.35 Parasites, diseases, injuries, and abnormalities

Parasites found in skipjack are listed by Waldron (1963), Silas (1967), Silas and
Um merkutty (1967), and Chen and Yang (1973). Thirty-six species of trematodes, 12
species of parasitic copepods, 6 species of nematodes and acanthocephalids, and 1 species
of cestode are listed by Love and Moser (1977). Only five species of copepods parasitic
on skipjack are listed by Cressey and Cressey (1980), who used only data where both the
host and the copepod could be identified.

3.4 Nutrition and growth

3.41 Feeding

Observations on the feeding behavior of skipjack in their natural environment have
been reviewed by Nakamura (1969) and are sum marized in Section 3.53.

From examination of stomach contents of skipjack from the central Pacific,
Waldron and King (1965) concluded that the feeding peaked from 0700 to 0900 hours, was
low from 1300 to 1600, and increased again in the late afternoon. Nakamura (1965),
reported that the volume of stomach contents of skipjack from the Marquesas and
Tuamotus was highest from 0900 to 1000 and from 1600 to 1700 and was low from 1110
to 1400, He suggested that: "This feeding pattern may be related: (1) to the distribution
and abundance of forage organisms and zooplankton and their diurnal movements; or (2)
to a satiation of the food drive during midday." Matsumoto and Skiliman (in press)
suggested that the second hypothesis may not be the case, based on data from Yuen
(1959) showing that catches of skipjack by Hawailan baitboats were highest around
midday.

It is generally assumed that skipjack do not feed at night because of inadequate
lumination.

Skipjack kept in a pool were observed for 5 ¥/2 months, Schooling was disrupted
during feeding and light and dark vertical bands were seen on their backs and sides which
disappeared when the fish were satiated. (This response has also been observed at sea by
Strasburg and Marr, 1961.) Food consumption was 10% of the body weight per day when
the fish were fed to satiation once a day and double that when they were fed to satiation
every hour (Nakamura, 1962).

"Skipjack tuna were fed at 15-minute intervals throughout the day. Alhough a
period of intense feeding occurred between 0630 and 0830 hours, the fish did not fill their
stomachs to capacity the first or even the second or third time they were offered food,
but filled their stomachs slowly over the 2-hour period. Maximum capacity of the
stomach was about 7 percent of the fish's weight, but during the whole day they ate an
equivalent of 15 percent of their body weight. Skipjack tuna ate more food and digested
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it more rapidly than other fishes for which data are published" (Magnuson, 1969a).
Recent studies show that a skipjack weighing 1.4 kg may consume up to 28 to 35% of its
body weight per day (Kitchell, Neill, Dizon, and Magnuson, 1978).

3.42  Food

The most comprehensive studies of food eaten by skipjack are those by Hotta and
Ogawa (1955), Alverson (1963), Waldron and King (1963), and Nakamura (1965), according
to Matsumoto and Skillman (in press). The last investigators have listed the taxonomic
groups found in the stomachs of skipjack from all sources, They show that in the western
and central Pacific the volume of stomach contents consists mainly of fish, with molluscs
ranking second and crustaceans last, while in the eastern Pacific the stomach contents
were found to be 59% crustaceans, 37% fish, and 3% squids (Alverson, 1963). "The wide
variety of food organisms and the variations in the order of importance of the major food
groups have led to the conclusion that skipjack tuna do not exhibit food preference, but
will feed on whatever prey organisms are available to them. The incidences of
cannibalism exhibited by the skipjack tuna bears this out" (Matsumoto and Skillman, in
press).

Examination of the stomach contents of skipjack showed that the percent
occurrence of crustaceans increased with the size of the skipjack, while the percent
oceurrence of fish decreased with size (Nakamura, 1965). In the central Pacifie,
Magnuson and Heitz (1971 showed that the crustaceans in the stomachs of various
species of tuna are much smaller than the fishes or squids. They found that skipjack,
which have a smaller gill raker gap than all other species of the same size that were
investigated, tended to consume a larger porportion of crustaceans by volume because
they were able to filter out smaller organisms. 3Skipjack 35 cm long had a mean gill raker
gap of 0.51 mm, and skipjack 50 c¢m long had a8 mean gap of 1.0 mm. Stomach contents
of skipjack caught in the eastern Pacific fishery consist mostly of organisms between 0.5
em and 10 ecm long (Blackburn and Associates, 1962).

3.43  Growthrate

A review and critique of the methods and results of numerous investigations of
growth rate in adult skipjack has been made by Josse, Le Guen, Kearney, Lewis, Smith,
Marec, and Tomlinson (1979). Of the various methods that have been used to estimate
the growth of skipjack, they conclude that counting seasonal marks on vertebrae, scales,
and dorsal spines and following modal progressions of length-frequencies are the least
reliable, that counting daily increments on otoliths is more reliable, and that measuring
the growth between tagging and recapture is the most reliable. Comparing tagging data
from Joseph and Calkins (1969) for the eastern Pacific and tagging data from the Papua
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New Guinea area for fish of similar size (40-60 cm) which had been free for 2 to 5
months before recapture, they found no significant difference in growth rate; from a
length of 40 cm the fish grew 18.4 ¢m in 12 months in the eastern Pacific, and 15.6 cm
during the same time off Papua New Guinea. Kearney (1978), however, estimates an
annual increment of only 7 em from tagging studies off Papua New Guinea. An estimate
of 17.4 c¢m per year from modal progressions was obtained for the eastern Pacific
(Anonymous, 1976b), similar to that obtained from tagging data.

Matsumoto and Skiliman (in press) have tabulated the growth parameters for the
von Bertalanffy growth equation and calculated the 1erigths at various ages for various
investigations of skipjack growth. Their table shows the growth rate of fish caught off
Hawail to range from 20 to 28 c¢m per year for fish increasing in age from 12 to 24
months; this appears to be considerably greater than the rates in the eastern and western
Pacific. From daily growth increments on otoliths, Uchiyama and Struhsaker (1979
estimated that skipjack from the central Pacific grew 28.2 cm between 1 and 2 years of
age, and 10.8 c¢cm between 2 and 3 years of age, and that skipjack from the eastern
Pacific grew 23.6 c¢cm between 1 and 2 years of age. These apparent differences in
growth rates among areas are probably not statistically significant (Josse, Le Guen,
Kearney, Lewis, Smith, Marec, and Tomlinson, 1979).

Increments on otoliths of skipjack from the Revillagigedo Islands and off Baja
California that had been tagged, injected with tetracycline, released, and recaptured,
have been counted by Wild and Foreman (1980). The number of observable increments
that had been deposited after the tetracycline mark on the otolith averaged 24 % less
than the number of days at liberty, so that growth could not be estimated from the
increment count.

Otoliths were examined from larval skipjack reared in captivity at the Kewalo
Research Facility at Honolulu, Hawaii. The otoliths from larvae up to 4 days old which
had been examined showed growth increments of one per day (Anonymous, 1980f).

3.44 Physiology

Results of recent investigations on the physiology of skipjack can be found in Hoar
and Randall (1978) and in Sharp and Dizon (1978). Experiments and hypotheses on body
temperature relations have been reviewed by Stevens and Neill (1978). They believed
that the temperature in the muscles of skipjack is usually 2°-4°C higher than ambient
temperature; but when feeding or swim ming rapidly these values may be up to three
times as large. "An adaptive value of being warm after severe exercise then is that it
speeds recovery, thereby permitting more frequent feeding frenzies with concomitant
increases in the rate of food capture and perhaps of growth" (Stevens and Neill, 1978).

315



"The heat comes from metabolic activity associated with the remarkable swim ming
activity of tuna. Some tuna have been clocked at speeds of over 20 body lengths/sec for
very short periods. Speeds greater than 10 lengths/sec are well verified. In addition they
swim continuously, never stopping to rest. The slowest that many can swim exceeds one
body length/sec... The proportion of dissolved oxygen removed from water passing over
the gills of tuna is the highest known in the fish world, This is perhaps not surprising
because the metabolic rate of tuna is higher than for other fishes for which estimates are
available, Also, the digestion rate of tuna is the highest known and the concentration of
blood hemoglobin is as high as that of humans. The tuna are, without a doubt, the most
highly specialized fishes in regard to sustained, high levels of locomotory activity"
(M agnuson, 1978a).

Tunas are unusual in that their circulatory anatomy includes counter—current heat
exchangers where heat is transferred from venous to arterial blood, In skipjack a large
portion of the blood flows through the exchanger and the efficiency of the exchanger has
been estimated to lie between 90 and 100% (Stevens and Neill, 1978). Chang and Dizon
(1976) estimated that the rate of heat exchange between the deep tissues of skipjack and
the surrounding water is about 60% as fast as in most teleosts, and that minimum and
maximum metabolic rates for red muscle were about 4 and 25 cal g'1 hr"1. Dizon, Brill,
and Yuen (1978) suggested that skipjack thermoregulate physiologically by conserving
heat under certain conditions and by releasing heat through the gills under other
conditions, Investigations on thermoregulation in tunas, including skipjack, have been
reviewed by Dizon and Brill (1979b).

Skipjack require high concentrations of dissolved oxygen for long-term survival.
Barkley, Neill, and Gooding (1978) mention experiments with skipjack in tanks where the
fish appeared to be under stress at 2.8 ml 1'1, and only one out of six survived over 4
hours at 2.5 ml 1"1, at te mperatures of 23°to 24°¢C. They selected a conservative lower
Hmit of 3.5 ml 1~ 1 for their model of the habitat available to skipjack.

Skipjack are extremely efficient at extracting oxygen from the water. Free-
swim ming skipjack in a tank used an average of 56 % of the oxygen in the water passing
over the gills (Stevens, 1972). The rate of metabolism in skipjack increases with
increasing size. Brill (1979) measured the standard metabolic rate of 33 skipjack ranging
in weght from 0.3 to 4.7 kg and calculated the best fitting allometric equation to be:

SMR = 412,0 w0563
where SMR = standard metabolicratein mg 02 hr"1 and
W = body weight in kg.
The digestive rate of skipjack is rapid, the exoskeletons of shrimp passing through
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the digestive tract of skipjack held in tanks in 1 1/2 hours (Nakamura, 1962).

In most animals physiological rates double to triple for every 10°C increase in
temperature (Q 15 = 2-3). Dizon, Neill, and Magnuson (1977), from experiments using fish
swim ming in tanks having variable water temperatures, estimated that yellowfin had a

Q 10 averaging 2.2, while skipjack and kawakawa (Euthynnus affinis) both had remarkably

low values of Q 10 averaging 1.0. This indicates that there is virtually no increase in
physiological rate with temperature in skipjack and kawakawa because of their ability to
rapidly compensate for changes in temperature. They suggested that: "the actual
habitat of adult skipjack tuna is the upper thermocline. Since much forage for the adult
tunas is likely to be in the upper mixed layer, frequent forays into warmer, upper waters
must be made. Most animals whose metabolism is instantaneously temperature-
compensated live in an environment in which temperature fluctuates dramatically (i.g..
intertidal forms...). The habitat of the adult skipjack tuna could be similarly
constituted. Consider also that they lack a swim bladder, which frees them from effects
of changing pressure. Skipjack tuna are thus well suited to exploit fully the environment
extending from the upper thermocline to the surface; rapid movements through extremes
of temperature and depth pose no particular problems to these highly adapted animals.
Rapid te mperature compensation contributes to the ability to fill this niche." They also
presented data from other sources showing estimates of Q 10 values for both skipjack and
bigeye to range from 1.0 to 1.2.

Brill and Dizon (1979b) studied the effect of temperature on white muscle of
skipjack in isotonic solution and found that various parameters of muscular activity have
mean Q ., values ranging from 147 to 1.72. They concluded that white muscle in
skipjack "appears not to be physiologically unique, in comparison with other teleosts,
with respect to contraction time, or the effect of temperature on contraction time.”
They made no com ment on the lower values of Q 10 given by Dizon, Neill, and Magnuson
(197D.

Swim ming speeds of skipjack increased when dissolved oxygen dropped below about
4,0 ppm (2.8 ml 1"1); the increase in swim ming speed may be an escape response to
remove the fish from an unfavorable environment, rather than a response to increase ram
ventilation (Dizon, 1977). Minimum speeds for maintaining hydrostatic equilibrium are
higher for skipjack than for any of the six other scombrids of similar size (Magnuson,
1973). It was estimated that a skipjack 44 ecm in length must swim at a minimum speed
of 70 cm sec™! or 60 km day"1 to maintain hydrostatic equilibrium (Magnuson and
Weininger, 1978).

Working with 40 restrained skipjack, Rayner and Keenan (1967) measured the
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electrical activity of red and white muscle in relation to the frequency of tail beats. In
all but three fish deep red muscle was active at all frequencies, but white muscle was
inactive at low frequencies and showed increased activity at higher frequencies. They
concluded that red muscle was used for basal swimmimg and that white muscle appeared
to be used only "... for short bursts of high activity as in feeding or escape behaviour,"
Using similar methods but forcing skipjack to swim against a current, Brill and Dizon
(1979a) found that white muscle activity in five of eight fish tested began at speeds of
3.0 to 4.7 body lengths per second (1 se¢™ 1), somewhat above the minimum speed of about
1.51 sec™ ! required for maintaining hydrostatic equilibrium (M agnuson, 1978b) but below
the estimated maximum sustainable speed of 61 sec™! {Dizon, Brill, and Yuen, 1978) and
well below the estimated maximum speed of 151 sec™ 1 (Brill and Dizon, 1979b) at the
te mperatures used in the experiment. In the other three fish white muscle activity began
near minimum speeds required for maintaining hydrostatic equilibrium, but this was
regarded as possibly abnormal because these fish were weak swimmers,

Swim ming speeds of skipjack clocked from a fishing vessel averaged 700 cm sec‘1,

"1. at a sea-surface temperature of 25.4°C (Watanabe, 1942). Using

or about 14 1 sec
underwater cinematography at sea Yuen (1966) measured a maximum speed of 690 ¢m
sec” 1, or about 14 1 sec”™ 1, in water of 24 to 27°C. From measurements of white muscle
contraction in skipjack, Brill and Dizon (1979b) predicted the mean maximum swim ming
speed to be 4.3 1 sec™ ! at 27°C, assuming a stride length coefficient of 0.7. From data
given in Yuen (1970), it was calculated that a skipjack 44 cm in length swam at a
minimum average speed of 435 cm sec“1, or about 101 sec"1. for 107 minutes (Beamish,
1978). Skipjack 55 ¢m in length were made to swim at speeds exceeding 550 cm sec™1, or
101 sec“1. by chasing them (Neill, Chang, and Dizon, 1976). Skipjack, yellowfin, and
wahoo have been recorded as swim ming faster than maximum speed predicted from data
for non-scombrid teleost species (Stevens and Neill, 1978). Wardle and Videler (1980)
have suggested that this is accomplished by doubling the wavelength of the swim ming
movement, thereby doubling the distance travelled for each tail beat, but requiring much
more power. Brill and Dizon (1979b), however, stated that: "Skipjack tuna are
apparently not capable of exceptionally high maximum swim ming speeds when compared
to other teleosts of equal fork length and similar muscle temperatures.”

The effects of temperature and oxygen requirements of skipjack on limiting their
habitat has been discussed in Section 2,325.

3.5 Behavior

3.51 Migrations and local movements
Kawasaki (1964 and 1965a) proposed that skipjack caught in the fisheries of the
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Northwestern Pacific, the Hawailan Islands, and the eastern Pacific all belong to one
population that is spawned in the central equatorial Pacific, that the young fish migrate
into the fishing areas, and that the older fish return to the central equatorial Pacific to
spawn,

Investigators working with blood specimens have proposed the existence of two,
three, and five subpopulations of skipjack in the Pacific (Fujino, 1970a; Richardson,
1978b; and Sharp, 1978).

On the basis of serological studies Fujino (1970a, 1970b, and 1972), believed "that
there are at least two subpopulations of skipjack in the Pacific Ocean, the western
Pacific subpopulation and the central and eastern Pacific subpopulation(s). The western
Pacific subpopulation results from spawning in the Philippine Sea and to a lesser extent
near the Ryukyu and Bonin Islands. The fish of catchable size occur in the vicinity of
Japan, the Ryukyu Islands, Taiwan, the Bonin Islands, the Mariana Islands, the western
Caroline Islands, the Philippine Islands, Papua New Guinea, Australia, and New Zealand.
The boundary between the range of this subpopulation and that of the central and
eastern Pacific subpopulation(s) in the northern hemisphere appears to occur in the area
between Japan and the Bonin and Mariana Islands in the west and 165°E in the east. The
boundary seems to shift eastward in the spring and westward in the fall off
northeastern Japan central and eastern Pacific fish have been observed to replace
western Pacific fish within a few days in September, and the reverse has been observed
east of the Izu Islands in late May and early June, More recent studies, however,
indicate the presence of fish in the western Pacific subpopulation near the Hawaiian
Islands. In the equatorial region the boundary appears to occur at about 165°FE between
the eastern Caroline Islands and the Marshall and Gilbert Islands and does not seem to
shift very much seasonally" (Anonymous, 1979a). "More recent genetic studies on blood
specimens from the southwestern Pacific Ocean indicate that the boundary between
ranges of the above two subpopulations stays within the Tasman Sea all the year round
and suggest that the western limit of the range of the central-eastern Pacific
subpopulation(s) extends to the west close to the east coast of New South Wales in early
winter in the southern hemisphere" (Fujino, 1976). There are no data to determine the
extent, if any, the western Pacific subpopulation penetrates the Indian Ocean.

Fujino (1972) recognized two groups of skipjack in the western Pacific Ocean, A
and B (Figure 5). The fish of Group A probably originate from spawning in the northern
sum mer and those of Group B from spawning in the northern winter. The fish of the two
groups appear to belong to the same subpopulation, which indicates interchange of
genes. This may be because all, most, or many skipjack spawn twice each year or
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because spawning by any individual occurs only once a year, but the spawning seasons
overlap sufficiently to prevent genetic isolation. Group A is dominant off Tohoku and
near the Izu, Bonin, and Ryukyu Islands. Group B is dominant near the Goto Islands.
Near the Mariana Islands Group B dominates in winter. Near Palau Group A dominatesin
winter and Group B during the other seasons.

From electrophoretic studies of the blood of skipjack, Richardson (1978b) has shown
that the gene frequency of the most common form of esterase protein varies with
different areas of the Pacific. In the western Pacific (Japan, Palau, and Papua New
Guinea) it is greater that 0.55, while in the eastern Pacific it is less than 0.55. He
suggested that this indicates at least two different genetic subpopulations. Near Hawaii
both subpopulations appear to be present, Off New Zealand the gene frequency suggests
a third subpopulation from the south central Pacific differing from the others,

From the geographic distribution of esterase-2 frequencies in the blood of skipjack,
Sharp (1978) hypothesized that there were at least five genetically different populations
in the Pacifie.

From data on the captures of skipjack by Japanese longliners, Matsumoto (1974 and
1975) has hypothesized that there are several se mi-independent stocks of skipjack which
originate in the different regions of the equatorial Pacific., "The apparent movement of
groups of skipjack tuna in the Pacific appeared to coincide with the circulation of the
major ocean currents. The movement was counterclockwise in the southern he misphere
and clockwise in the northern hemisphere, except in the eastern Pacific where the
movement appeared counterclockwise, corresponding with the flow in the north
equatorial water mass" (Matsumoto, 1975).

Rothschild (1965) proposed that skipjack from the eastern Pacific fishery are
recruited from the central equatorial Pacific and return there to spawn. Skipjack
"apparently arrive in the eastern Pacific when they are about 1to 1 ¥/2 years old and
return to the central and central-western Pacific when they are about 2 to 2 1/2 years
old. Evidence for the latter is provided by the fact that 25 skipjack tagged in the eastern
Pacific have been recaptured near the Hawaiian and Line Islands and 1 other has been
recaptured between the Marshall and Mariana Islands" (Anonymous, 1979a).

Fink and Bayliff (1970) noted that there appear to be two main groups of skipjack in
the eastern Pacific: a northern group off the west coast of Baja California, in the Gulf
of California, and around the Revillagigedo Islands; and a southern group from off
Central A merica to off northern Chile. In most years skipjack are excluded from the
southern coast of Mexico by a cell of warm water in that area (Rothschild, 1965). There

is little interchange of fish between the northern and southern areas, but considerable
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mixing of fish within the areas., From data on 90,4 12 skipjack tagged in the eastern
Pacific and 4,381 recaptures of these, Fink and Bayliff ( 1970) believed that fish from the
northern group first appear near the Revillagigedo Islands around April, then move north
along the coast of Baja California during the spring and sum mer and return south during
the fall, and then migrate to the central Pacific during the fall and/or winter; and that
fish from the southern group first appear in the Panama Bight around April and move
rapidly northwest to the waters off Central A merica and south to the Gulf of Guayaquil
(Figure 6).

Williams (1972) hypothesized three possible models for the migration of fish from
the central Pacific to the eastern Pacific: an active migration model where the fish
swim eastward in the westward flowing North and South Equatorial Currents; a passive
migration model where the fish are carried eastward by the North Equatorial
Countercurrent; and a gyral migration model where the fish of the northern fishery are
carried in the counterclockwise gyre of the northern equatorial water mass of the
eastern Pacific, and most of the fish of the southern fishery are carried in a clockwise
gyre formed by the Northern Equatorial Countercurrent and the South Equatorial
Current. Using a numerical model, Seckel (1972) showed that skipjack could migrate
from northern Mexico to Hawail by drifting with the currents, He stated that: "Floating
objects introduced in the model ocean at long. 120°W and lat. 10° to 20°N converge
toward the northern edge of the North Equatorial Current near Hawaii in 21 to 23
months, The time of freedom of skipjack tagged in the eastern North Pacific and
recovered in Hawaiian waters is of the same magnitude.”

Some of the long-distance migrations which have been recorded for tagged skipjack
in the Pacific Ocean are shown in Figure 7 (Fink and Bayliff, 1970; Anonymous, 1979a;
Joseph, Klawe, and Murphy, 1980). The long-distance migrations of skipjack tagged in
the western Pacific by the South Pacific Com mission are shown by Kearney (1980:
Figure 2).

Local movements of skipjack have been investigated by equipping them with
ultrasonic transmitters and tracking them. A skipjack tracked for 8 days swam away
from a bank at night and returned in the morning, with one exception, and spent the day
there, Each night the fish travelled from 25 to 106 km (Yuen, 1970). Three skipjack
travelled both horizontally and vertically 142 km in 24 hours, 50 km in 11 hours, and 25
km in 10 hours before becoming und