Abstract—Morphological development
and growth of larval and juvenile Pacific
bluefin tuna, Thunnus thynnus, were
studied from laboratory-reared spec-
imens. Average body length (BL) of
newly hatched larvae was 2.83 mm and
larvae grew on average 5.80 mm by 10
days, 10.62 mm by 20 days, and 35.74
mm by 30 days after hatching. Growth
was especially accelerated after 20 days
from hatching. Newly hatched larvae
had small melanophores scattered over
their bodies except for the finfold. On
day 1 after hatching (3.35-3.74 mm
BL), a characteristic melanophore pat-
tern appeared and it was partially
maintained until day 3 after hatching.
At approximately 4 mm BL, larvae had
developed melanophore patterns simi-
lar to those of preflexion Thunnus spp.
larvae, such as melanophores on the
dorsum of the gut, midlateral trunk,
and tail, at the dorsal and ventral mid-
lines of trunk and tail, and on the lower
jaw. Erythrophores appeared at 4.63
mm BL in the caudal area. Jaw teeth
appeared at 5-6 mm BL. The preoper-
cular angle spine, anterior preoper-
cular spine, and posttemporal spine,
developed at approximately 7 mm BL,
when erythrophores appeared on the
trunk and tail. The notochord flexion
occurred between 6 and 8 mm BL.
At approximately 8 mm BL, erythro-
phores disappeared and juvenile color-
ation appeared on the trunk and tail,
consisting of dense patches of melano-
phores at the dorsal and anal-fin bases,
embedded melanophores, and melano-
phores at the periphery of the eye. The
adult complement of fin-ray counts was
attained at 10 mm BL, when the juve-
nile melanophore pattern was attained,
although the pattern was not fully
developed. Specimens larger than 20
mm BL did not have erythrophores.
Squamation began at 27 mm BL and
head spines disappeared by 38 mm
BL.
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The Pacific bluefin tuna is a large scom-
brid that migrates transoceanically
between the western and eastern Pacific
Ocean (Orange and Fink, 1963; Fujita,
1998). The Pacific bluefin tuna, Thun-
nus thynnus orientalis (Temminck and
Schlegel), is considered a separate sub-
species from the Atlantic bluefin tuna,
T. thynnus thynnus Linnaeus (Gibbs
and Collette, 1967; Collette and Nauen,
1983). Recently, Cho and Inoue (1993)
showed reproductive isolation between
the two subspecies. Most recently, Col-
lette (1999) considered these subspe-
cies to be separate species on the basis
of morphology and molecular data.

Our knowledge of the early life his-
tory of oceanic species, such as tunas,
is incomplete. Morphological character-
istics common to scombrid larvae are
large head, gape, and eyes; development
of head spination; and posterior migra-
tion of the anus (Collette et al., 1984).
In studies of early-stage bluefin tuna
(e.g. Yabe et al., 1966; Matsumoto et
al., 1972; Richards and Potthoff, 1974;
Kohno et al., 1982), melanophore pat-
terns were used to identify tuna larvae.
Erythrophore patterns were proposed
as another characteristic by Ueyanagi
(1966) and Matsumoto et al. (1972).
However, ontogenetic changes of mela-
nophore and erythrophore patterns and
morphological characteristics have not
sufficiently been investigated because
of the difficulty in obtaining a complete
series of wild specimens in their early
developmental stages.

Morphological, physiological, and be-
havioral information has recently been
collected from laboratory-reared Pacific
bluefin tuna specimens (Harada et al.,
1971a; Kaji et al., 1996; Takii et al.,
1997; Kumai, 1998; Miyashita et al.,
1998; Miyashita et al., 2000, in press;
Sawada et al., 2000). The ability to pro-
duce a complete series of early-stage
specimens provides an opportunity to
enhance our understanding of the ear-
ly development of bluefin tuna. In this
study, we describe the morphological
development and pigment patterns of
reared larval and juvenile bluefin tuna.

Materials and methods

Eggs were obtained on 10 July 1994
from bluefin tuna that had been caught
off Ohshima when 20-40 cm in total
length [0-year class] and that had been
raised for seven years naturally in a net
cage at the Ohshima Experiment Sta-
tion of the Kinki University Fisheries
Laboratory. The net cage was equipped
with a polyvinyl chloride sheet sur-
rounding the top 2 m of the net side
wall to prevent eggs from flowing out of
the net. Fertilized eggs were collected
at the surface with a 330-um mesh net.
Eggs were transferred to a tank in a
land-based nursery center and kept in
a fine mesh net at 24.5°C for approxi-
mately 12 hours. The following morn-
ing, eggs were transferred to a 20-m3
rearing tank and larvae hatched at
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approximately 2200 h on 11 July. The first 24 hours after
hatching were counted as day 0 (day-0) after hatching.
Water temperature ranged from 24.5 to 27.7°C during the
rearing period (X=25.5°C, Fig. 1). The feeding scheme for
larvae and juveniles was as follows: rotifers, Brachionus
rotundiformis, from day 2 to day 22 after hatching, Arte-
mia nauplii from day 10 to day 25, and other live fish
larvae (Oplegnathus fasciatus) from day 12 to day 30.

At 1000 h daily from day 0 (12 July) to day 30 (11 Au-
gust), 20 tuna were sampled. Before preservation in 5%
formalin, individual computer-captured video images were
made with a video camera attached to a binocular micro-
scope while all specimens were under MS-222 anesthesia.
Ten body parts were measured from these images: total
length (TL), body length (BL), preanal length, body height
at the base of the first dorsal spine, head length, head
height, snout length, eye diameter, caudal peduncle depth,
and upper jaw length. Video image measurements to 1/102
mm with an accuracy of £1% were obtained from NIH Im-
age (version 1.61) image analysis software (NIH, 1997).
Before and during notochord flexion, BL was measured
from the tip of the upper jaw to the end of the notochord.
After notochord flexion, BL was measured from the tip of
the upper jaw to the posterior margin of the hypurals. All
specimens (n=620, 3.49-37.78 mm BL) were used to de-
termine growth estimates and to record pigmentation pat-
terns and spine and fin development.

Sixty-nine specimens (5.26-33.68 mm BL) were stained
with alizarin red-S to describe spine development, and
squamation. Pigment patterns, especially the position of
body melanophores in relation to myomeres, were deter-
mined for specimens from 3 to 16 days after hatching
(n=180, 3.63-9.96 mm BL). At irregular intervals from
day 0 to day 22, one to five fish (a total of 53 specimens,
3.38-26.76 mm BL) were examined while anesthetized
with MS-222 to determine erythrophore distribution. Ad-
ditional samples were examined at irregular intervals
from hatching to day 2.

A representative series of specimens from this study
was deposited in the Aquatic Natural History Museum of
the Fisheries Research Station, Kyoto University (FAKU
129041-129075).

Results

Structural characteristics and growth

Eggs, having a mean diameter of 1.02 mm (SD=0.02;
n=20), were spherical and pelagic and had a single oil
globule of 0.26 +£0.05 (mean £SD) mm in diameter.

Newly hatched larvae measured 2.83 +0.16 mm in BL
(mean £SD, n=20; Fig. 2A). At 3 days after hatching (3.81
+0.14 mm BL), the mouth was developed and larvae began
feeding. Yolk was present until day 5 (4.32 +0.13 mm BL).
Larvae grew to 5.58 +0.35 mm by day 10, 9.34 +1.36 mm
by day 20 and 30.36 +4.34 mm by day 30 after hatching
(Fig.1). From hatching to day 20, growth rate was 0.33
mm/day, then increased to 2.10 mm/day from day 20 to
day 30.
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Figure 1
Body length, diet, and water temperature (W.T.) during the
rearing of Thunnus thynnus. Vertical lines indicate +SD
(n=20).

Notochord flexion began as early as 5.76 mm BL, and
the largest preflexion larva was 5.83 mm BL. The small-
est postflexion larva was 7.46 mm BL; the largest flexion
larva, 8.65 mm BL. Thus, the flexion stage occurred from
6 to 8 mm BL (Fig. 2E).

The relative values of the nine body parts, except preanal
length, increased during larval development, then subse-
quently declined (Fig. 3). The ratio of head length, head
height, eye diameter, snout length, and upper jaw length to
BL reached a maximum at 11-13 mm BL. Head length in-
creased rapidly from 10% BL at hatching to 40% at 13 mm
BL and then decreased slowly to 34 % BL at 40 mm BL.
Head height also increased rapidly from 10% BL at hatch-
ing to 27% at 11 mm BL and decreased slowly to 23% BL at
40 mm BL. Eye diameter increased from 10% BL at hatch-
ing to 15% at 11 mm BL and then decreased slowly to 9%
BL at 40 mm BL. Snout length rapidly increased from 2%
BL at hatching to 14% at 12 mm BL and then decreased
slowly to 9% BL at 40 mm BL. Upper jaw length increased
rapidly from 5% BL at hatching to 20-30% at 12 mm BL
and then decreased slowly to 14% BL at 40 mm BL. The
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Figure 2

Development of Thunnus thynnus (A) newly hatched larva, 2.91 mm BL; (B) 1-day-old yolksac
larva, 3.54 mm BL; (C) 4-day-old preflexion larva, 4.02 mm BL; (D) 7-day-old flexion
larva, 5.34 mm BL; (E) 15-day-old postflexion larva, 7.23 mm BL; (F) 20-day-old postflexion
larva, 8.64 mm BL; (G) 25-day-old juvenile, 13.55 mm BL.

relative depth of the caudal peduncle attained a maximum 16 and 20 mm BL, respectively. Preanal length increased

(ca. 7% BL) at 8 mm BL. In contrast, body height and total from 35-44% BL at 3—7 mm BL to about 65% BL at ap-
length were maximum in relation to BL at approximately proximately 15 mm BL.
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Figure 3
Measurements of Thunnus thynnus, shown as a percentage of body length (BL).

Table 1

Numbers of fin spines and rays of Thunnus thynnus larvae and juveniles. Roman and Arabic numerals show numbers of spines
and soft rays, respectively.

Size range First dorsal Second dorsal Dorsal Anal Pectoral Pelvic Number of
(BL; mm) fin fin finlet fin fin fin specimens examined
BL <5.99 0 0 0 0 0 0 10
6.00-6.99 1-X 0 0 0-6 0-13 0-1+1 17
7.00-7.99 0-XIV 0-13 0-8 0-12 0-31 0-1+5 13
8.00-8.99 IX=X1V 12-14 6-9 7-14 11-31 1+4-1+5 11
9.00-9.99 XI-XV 14 8-9 13-14 16-31 1+5 8
10.00-19.99 XIV=XV 14 8-9 14 31-34 1+5 14
20.00-29.99 XV 14 8-9 13-14 31-36 1+5 19
30.00-37.78 XV 14 8-9 14 31-35 1+5 8
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Fin development

The number of fin rays increased between 6 and 10 mm
BL (Table 1). The smallest specimen possessing dorsal
spines was 6.32 mm BL. Caudal-fin rays, second dorsal-,
pelvic-, anal-, and pectoral-fin rays appeared at 7.10, 7.76,
8.00, 8.47, and 8.67 mm BL, respectively. The smallest
specimen with an adult complement of fin-ray counts (lwai
et al., 1965; Collette and Nauen, 1983) was 9.68 mm BL,
whereas the largest specimen with an incomplete fin-ray
complement was 10.02 mm BL. The number of pectoral-fin
rays for specimens >10 mm BL varied among individuals.

Pigmentation

Newly hatched larvae (2.62—-3.05 mm BL) had small mela-
nophores scattered over the body, head, notochord, yolk,
and oil globule, but not on the finfold (Fig. 2A).

On day 1 after hatching (3.35-3.74 mm BL) (Fig. 2B), den-
dritic melanophores were visible from snout to fore- and mid-
brain and on the dorsum of the gut; three clusters of mela-
nophores occurred in the dorsal midline along with punctate
melanophores; melanophores occurred along the ventral mid-
line (punctate melanophores formed a line at the anterior
caudal area and a cluster of melanophores occurred in the
posterior caudal area); and melanophores appeared along
the lateral midline of the trunk. The eyes were pigmented.

On day 2 after hatching (3.40—-4.18 mm BL), the pattern
of melanophores was transitional between those of 1-day
and older preflexion larvae. Melanophores on the snout
disappeared, whereas clusters of melanophores on the an-
teriodorsum of the trunk (second myomere), anteriordor-
sum of the caudal area (17th to 21st myomere) and pos-
teriodorsum of the caudal area (30th to 39th myomere),
as well as on the anterio- and midventral edge (14th to
26th myomere), posteroventral edge (28th to 39th myo-
mere), and lateral midline (posterior to the 13th myomere)
of the caudal area began to shrink (although they were
still large [Tables 2-5]).

On day 3 after hatching, forebrain melanophores disap-
peared in all specimens >3.76 mm BL, whereas the small-
est specimen lacking these melanophores was 3.63 mm
BL. All specimens >3.82 mm BL had melanophores scat-
tered on the dorsum of the gut, which formed a cap of me-
lanophores over the gut in later stages. Clusters of mela-
nophores on the dorsal and ventral midline, and lateral
midline of the body now appeared punctate and additional
punctate melanophores appeared in these areas (Tables
2-5). Melanophores were present on the midbrain, on the
anteriodorsal side and on the base of the hindbrain; and
several melanophores appeared on the lower side of the
lower jaw. The smallest specimen with melanophores on
the lower jaw was 3.41 mm BL, whereas the largest lack-
ing them was 9.46 mm BL (day 16). Most specimens >5.5
mm BL had these lower jaw melanophores. On and after
day 4 (3.92-4.43 mm BL), all specimens had the melano-
phore pattern of preflexion larvae (Fig. 2C).

Melanophores began to develop on several other areas
in larvae larger than about 4.5 mm BL (Fig. 2, D-F). Em-
bedded melanophores appeared in the lateral muscle at

4.49 mm BL (Table 6), upper jaw tip at 5.47 mm BL, oper-
culum and preoperculum at 6.18 mm BL, the membrane
of the first dorsal fin at 6.32 mm BL, forebrain at 6.83 mm
BL, and the cleithral symphysis at 10.79 mm BL. The larg-
est specimens lacking melanophores in these areas were
those that were 6.44 mm BL (for upper jaw tip), 6.72 mm
BL (for lower jaw tip), 6.94 mm BL (for operculum), 9.69
mm BL (for forebrain), 10.28 mm BL (for cleithral sym-
physis), and 10.49 mm BL (for preoperculum).

Melanophores forming a dorsal cap of the gut enlarged
at about 6.5 mm BL and the rim reached the ventral sur-
face of the gut in some specimens >7.5 mm BL. The body
melanophore pattern changed with growth. Dorsal mid-
line melanophores disappeared from the trunk from 4.5
mm BL to 7 mm BL, and ventral and lateral midline me-
lanophores disappeared from the trunk (Tables 2-5).

Larvae showed partial juvenile pigment patterns from
about 8 mm BL (Fig. 2F). Dorsolateral and dorsal midline
melanophores appeared at the trunk and increased in fre-
quency in the caudal area from 7.5 mm BL (Table 2). Em-
bedded melanophores frequently appeared at the posterior
trunk and caudal area (Table 6). Dense patches of mela-
nophores appeared at the fin base of the first and second
dorsal, and anal fin bases (Tables 7 and 8; these melano-
phores occurred on the myosepta), as well as at the periph-
ery of the eye, especially below and behind the eye from
about 8.0 mm BL. Embedded melanophores appeared near
the notochord and neural and haemal spines, and melano-
phores at the lateral midline of body extended internally
from about 8.2 mm BL. Generally, melanophores on the
dorsal and ventral midline, lateral midline, and those em-
bedded increased with BL (Tables 2-6).

The smallest specimen having juvenile pigmentation
(i.e. densely pigmented patches appearing on the body)
was 13.55 mm BL (Fig. 2G). More distinct body patches
appeared and increased in number as juveniles grew.

In many larvae, melanophores were found in the area
of the hypural bones and on the caudal finfold or fin rays.
The smallest specimens having melanophores in the area
of hypural bones and on the caudal finfold were 6.42 mm
BL and 6.81 mm BL, respectively.

Erythrophores first appeared at 4.63 mm BL (6 days af-
ter hatching) on the tail: thirty-four erythrophores at the
posteroventral edge, five at the posterolateral midline, and
two at the posterodorsal edge (Table 9). As larvae grew,
erythrophores appeared at the caudal finfold at 4.75 mm
BL, on the lower jaw at 6.10 mm BL, and at the hypural
plate at 6.96 mm BL; at the hypural plate and caudal
finfold, erythrophores were observed only on specimens
6.96-7.20 and 4.75-7.20 mm BL, respectively. At the dor-
sal and ventral edge of the trunk and tail, erythrophores
became larger and decreased in number in larvae >7 mm.
At the ventral edge, adjacent erythrophores were united.
At the lateral midline of the body, the number decreased
at 8.5 mm BL. Erythrophores disappeared from the lower
jaw at 11.26 mm BL, from the posterolateral midline and
dorsal edge of the tail at 15.85 mm BL, and from the
ventral edge of the tail at 19.72 mm BL. Erythrophores
were not observed on the upper jaw. The number of eryth-
rophores, especially the ventral edge erythrophores, de-
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Table 2
Incidence of dorsal midline melanophores at the trunk and tail (%) in Thunnus thynnus. Each melanophore is
Myomere
Size range
(BL; mm) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
3.50-3.99 14 7 14 7 7 7 7 36 29 36
4.00-4.49 4 4 4 15 4 4 7 7 15 41 22
4.50-4.99 4 4 4 4 7 15 7
5.00-5.49 8 8 8 8 17
5.50-5.99 10 10 10 10 10
6.00-6.49 20 30 30
6.50-6.99 17
7.00-7.49 10 10 10 10 20 20 30
7.50-7.99 10 10 10 20 40 20 40 20 10 20
8.00-8.49 8 15 31 23 62 77 77 8 8 8 69 69 62
8.50-8.99 23 54 38 46 46 54 54 54 62 865 8 8 8 92 8 92 92 92 92
9.00-9.49 25 67 17 25 33 33 83 58 50 58 58 67 67 67 58 75 83 67 67
9.50-9.99 30 80 20 30 40 40 100 70 60 70 70 80 8 80 70 90 100 80 80

not observed on the first to sixth myomeres.

Table 3
Incidence of the ventral midline and ventrolateral melanophores of the trunk and tail (%) in Thunnus thynnus. Each melanophore

Myomere
Size range
(BL; mm) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
3.50-3.99 7 7 7 7 7 14 14 29 7 7 50 7 21 21
4.00-4.49 4 4 7 7 22 22 11 15 7 19
4.50-4.99 10 5 5 0 10 10 29 24 19 19 24 33
5.00-5.49 8 17 17 17
5.50-5.99 10 10 30
6.00-6.49 10 10 30 10
6.50-6.99 6 11 6
7.00-7.49 20 10
7.50-7.99
8.00-8.49
8.50-8.99 8 8 8
9.00-9.49
9.50-9.99

creased as the fish grew; no erythrophores were observed
in specimens >20 mm BL.

Head spination

Major head spines first appeared in specimens at 4-7 mm
BL. The posterior preopercular angle spine and anterior
preopercular spine appeared at 4.23 mm BL (Fig. 2D), and

the posttemporal spine at 6.80 mm BL. The largest speci-
men lacking anterior and posterior preopercular spines was
4.48 mm BL, and the largest specimen lacking posttempo-
ral spines, 7.21 mm BL (Fig. 2E). No other spines or spine-
lets of the head appeared in later developmental stages.
The number of anterior and posterior preopercular spines
increased 2—-3 (nine maximum) and 5-7 (nine maximum),
respectively, in the size range of 5-16 mm BL (Fig. 2, F
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Table 2
recorded for the myomere on which it occurs. n indicates the number of specimens examined at each size range.
Myomere
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 3 36 37 38 39 n
29 29 7 7 7 7 14 14 21 21 36 43 14 14 7 14 14
7 22 7 7 19 15 4 11 19 4 19 19 33 30 26 30 15 19 27
7 11 4 4 7 11 7 11 15 4 11 15 19 15 19 22 7 7 21
8 8 17 25 8 17 8 17 8 8 8 17 17 17 25 25 8 12
10 10 10 10 10 30 10 20 10 10 10
20 10 20 20 30 10 20 10 10 50 40 50 10 10 10 10
22 11 6 6 6 6 6 11 6 22 22 6 11 22 6 18
10 10 10 20 10 20 10 30 70 30 20 10
20 20 20 10 20 10 20 0 10 30 20 20 10 30 40 10 40 10 10
54 38 38 31 23 38 31 23 23 15 31 8 31 15 23 8 15 15 8 38 13
92 77 77T 77 69 69 69 69 69 62 54 69 69 69 54 54 62 46 38 23 13
83 67 58 75 58 83 58 58 67 58 75 50 50 33 33 25 58 67 33 17 12
100 80 70 90 70 100 70 70 80 70 90 60 60 40 40 30 70 80 40 20 10
Table 3

is recorded for the myomere on which it occurs.

n indicates the number of specimens examined at each size range. Melanophores were

Myomere
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 n
29 14 7 57 7 64 29 14 21 79 50 36 57 50 36 43 36 14
15 15 37 11 26 37 41 41 30 44 44 26 26 48 30 33 52 27
19 33 29 29 24 43 38 38 52 24 57 43 43 19 33 29 57 21
17 8 33 17 17 42 42 17 25 83 50 50 50 33 58 33 25 12
20 30 40 60 10 10 60 60 40 70 60 60 30 20 30 20 20 10
30 10 20 60 30 30 10 30 30 40 50 20 0 10 30 20 0 10
6 11 22 28 39 39 33 56 28 44 28 28 22 50 22 17 39 18
10 30 50 20 50 60 60 40 60 80 50 40 60 30 30 30 10
10 10 20 30 20 40 40 50 50 50 90 70 60 50 70 40 60 10
8 15 15 23 54 46 62 54 69 62 62 54 62 46 46 13
8 15 8 23 31 54 46 62 46 85 77 54 77 77 85 31 13
8 25 33 42 58 33 58 67 67 67 75 50 42 12
10 40 40 40 60 70 80 70 70 70 70 60 40 10

and G). The number of anterior and posterior preopercular
spines decreased at 17 mm BL. At >19.23 mm BL, no ante-
rior preopercular spines were observed, except in one spec-
imen (24.00 mm BL) that had two anterior preopercular
spines. Juveniles had three posttemporal spines when these
spines were fully developed. The largest specimen with a
posttemporal spine was 24.23 mm BL, and the largest spec-
imen examined, 37.78 mm BL, had no spines on its head.

Teeth and squamation

Upper and lower jaw teeth were first observed at 5.35 and 6.32
mm BL, respectively. Palatine teeth appeared at 7.20 mm BL
and most specimens >9 mm BL had fully developed palatine
teeth. At >18.00 mm BL, specimens did not have these teeth.

Squamation was incomplete in the size range examined
in this study. The smallest scaled specimen (27.37 mm BL)
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the first to eighth myomeres.

Table 4
Incidence of melanophores on the left lateral side of the trunk and tail (%) in Thunnus thynnus. Each melanophore is recorded for the

on the first to nineth myomeres.

Myomere
Size range
(BL; mm) 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
3.50-3.99 7 7 7 14 7 29 14 21 7 29 14 7 14
4.00-4.49 4 11 4 7 11 11 11 11 11
4.50-4.99 5 5 5 5 10 5 10 5 29 10
5.00-5.49 8 8 8 8 17 8
5.50-5.99 20 20 20 20 10 40 10
6.00-6.49 20 10 20 10
6.50-6.99 6 0 6 6 6 28 11 17 22
7.00-7.49 20 20 20
7.50-7.99 20 10 20 20
8.00-8.49 15 8 15 8 8 8 15
8.50-8.99 8 15 8 8 8
9.00-9.49 8 17 17
9.50-9.99 10 10 10 20

Table 5

Incidence of melanophores on the right lateral side of the trunk and tail (%) in Thunnus thynnus. Each melanophore is recorded for

Myomere

Size range

(BL; mm) 10 11 12 13 14 15 16 17 18 19 20 21 22 23
3.50-3.99 0 7 7 7 14 7 21 14 21 14 29 14 7 14
4.00-4.49 4 11 4 4 11 4 15 11 11 11
4.50-4.99 5 5 10 5 10 5 19 10
5.00-5.49 17 8 17 8 33 8
5.50-5.99 10 20 10 20 10 10 40 10
6.00-6.49 20 10 10 30 10
6.50-6.99 6 6 6 6 6 28 11 17 22
7.00-7.49 20 10 20 10 10
7.50-7.99 10 10 10 20 20 10
8.00-8.49 31 15
8.50-8.99 15 15 31 31 31 15
9.00-9.49 8 8 17 17
9.50-9.99 10 10 30

had anterior lateral line scales. Scales near the anterior
part of the lateral line appeared at 30.31 mm BL, and
postorbital scales at 30.81 mm BL.

Discussion

Development and growth

Thunnus thynnus eggs were reported to have a smooth
chorion, narrow perivitelline space, homogeneous yolk,

and a single oil globule (Miyashita et al., 2000), and this
was reconfirmed in our study. These characteristics are
similar to those found in other Thunnus eggs: T. thynnus
from the Mediterranean (Podoa, 1956), T. obesus (Kikawa,
1953), T. albacares (Harada et al., 1971b; Mori et al., 1971),
and T. alalunga (Yoshida and Otsu, 1963).

The growth strategy of bluefin tuna apparently is to de-
velop foraging structures before other organs and at an
early stage to enable feeding on larger organisms. Parts
of the head were large from early development (Fig. 3) as
mentioned by Collette et al. (1984) and reached maximum



Miyashita et al.: Morphological development and growth of Thunnus thynnus

609

Table 4
myomere on which it occurs. n indicates the number of specimens examined at each size range. Melanophores were not observed on

Myomere
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 n
14 36 7 21 7 7 14 14 7 14 7 14 7 14
30 11 7 15 4 4 11 11 4 7 11 7 7 7 27
14 10 19 14 5 5 5 5 19 10 14 5 10 5 21
17 8 8 8 33 8 17 25 8 8 12
20 10 10 20 20 40 10 10 30 10 10
10 10 20 10 20 10 10
11 11 6 11 17 6 6 11 6 11 6 17 11 6 18
20 10 10 10 10 20 10 10 10 10 10
20 20 10 20 20 30 10 10 40 20 10 10
8 8 15 8 15 31 31 8 8 8 13
15 8 8 31 15 23 15 23 15 15 8 8 8 8 8 13
8 8 17 17 25 25 42 58 33 50 33 50 33 33 50 42 12
10 10 20 20 20 50 60 40 50 40 30 20 50 10

Table 5
the myomere on which it occurs. n indicates the number of specimens examined at each size range. Melanophores were not observed

Myomere
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 n
14 36 7 21 7 7 14 14 14 7 7 14 7 7 14
4 30 19 7 15 7 4 15 4 7 15 19 7 7 27
14 10 14 5 5 19 5 5 5 21
17 25 17 17 42 25 8 17 8 17 8 12
10 30 20 20 10 10 50 30 10 10
10 10 10 10 20 10 10 10 10 10
6 11 11 11 17 6 6 11 6 11 6 17 11 6 18
10 10 30 10 10 10 10 20 20 20 10
10 10 30 20 10 10 10 20 30 30 20 10
31 8 8 8 15 15 8 8 8 13
8 15 15 54 23 31 46 46 31 31 31 8 8 23 15 13
8 17 8 8 25 25 42 50 50 42 25 42 25 25 42 25 12
30 20 20 20 10 10 30 30 40 50 50 30 20 50 10

ratios in relation to BL at sizes smaller than other body
parts, such as total length and body height, except for the
caudal peduncle depth (Fig. 4).

Another ontogenetic characteristic of growth in T. thyn-
nus, the posterior migration of the anus (Collette et al.,
1984), was also confirmed: the anus initially positioned in
the anterior part of the body, was located at the center
of the body at late flexion, and thereafter in the posterior
part of the body (Fig. 3).

Kaji et al. (1996) examined the relative growth of lar-
vae of the Pacific bluefin tuna at 3-14 mm BL and report-

ed that body proportions showed constant relative growth
values from 10 mm BL, except for preanal length. Our re-
sults showed that at 10 mm BL, constant ratios had not
been reached in relation to BL. This difference may be due
to an insufficient number of larger specimens in Kaji et
al.'s (1996) study. Even at the juvenile stage, ratios in rela-
tive BL decreased gradually, except for a few cases (Fig. 3),
suggesting that body proportions of juvenile bluefin tuna
are different from those of adult fish.

Early growth is rapid in T. thynnus compared with oth-
er marine fishes cultured in Japan (e.g. red sea bream,
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Table 6

Incidence of melanophores embedded in the lateral muscle and on the myosepta (%) in Thunnus thynnus. Each melanophore is recorded

on the first to nineth myomeres.

Myomere
Size range
(BL; mm) 10 11 12 13 14 15 16 17 18 19 20 21 22 23
3.50-3.99
4.00-4.49 4
4.50-4.99 4 4 4 7 4 4 4 4 4 7
5.00-5.49 8 8 8
5.50-5.99 10 10
6.00-6.49 10 10 10 10 10
6.50-6.99
7.00-7.49 10 10 10 10 20 10 10 10
7.50-7.99 10 10 10 10
8.00-8.49 8 8 8 8 8 8 8 8 15 23 31 15
8.50-8.99 8 0 8 8 0 0 15 31 38 46 54 62
9.00-9.49 8 8 8 8 25 33 33 42 50 50 50 58
9.50-9.99 10 10 10 10 30 40 40 50 60 60 60 70
Table 7

Incidence of melanophores on the dorsal fin base (%) in Thunnus thynnus. Each melanophore is recorded for the nearest myomere.

for larvae <7.50 mm BL.

Myomere
Size range
(BL; mm) 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
7.50-7.99 10 10 10 10 10 20 20 20 30 20 30 20 30 20 20 20 20 10
8.00-8.49 8 8 8 8 8 15 15 15 23 15 23 15 23 15 15 15 15 8
8.50-8.99 8 15 31 46 46 46 46 46 54 38 54 31 31 31 31 46 46
9.00-9.49 8 17 25 50 58 83 83 83 83 83 83 83 83 83 83 83 83 83
9.50-9.99 20 40 70 80 100 60 60 60 60 100 100 100 100 100 90 100 100
Table 8

Incidence of melanophores on the anal fin base (%) in Thunnus thynnus. Each melanophore is recorded for the nearest myomere.
n indicates the number of specimens examined at each size range. Melanophores were not observed on the first to twenty-first
myomeres and for larvae <7.0 mm BL.

Myomere

Size range
(BL; mm) 22 23 24 25 26 27 28 29 30 31 32 33 34 3 36 37 38 39 n

7.00-7.49 10 10 20 10 20 20 20 10 10 10 10 10 10
7.50-7.99 10 20 30 30 50 40 60 40 40 40 40 20 30 20 20 20 10 10
8.00-8.49 15 8 15 31 38 31 62 69 54 62 62 46 31 15 13
8.50-8.99 8 8 8 8 3 31 38 62 69 69 69 69 69 62 62 38 23 13
9.00-9.49 17 33 42 58 75 83 83 75 67 67 50 42 33 25 12

9.50-9.99 20 40 50 70 90 100 100 90 80 8 60 50 40 30 10
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Table 6
for the myomere in which it occurs. n indicates the number of specimens examined at each size range. Melanophores were not observed

Myomere
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 n
14
27
21
8 12
10
10 10 10
6 6 11 11 18
10 10 10 10 10 10 10
10 10 10 10 30 20 30 20 10 30 20 20 20 30 10
23 23 31 23 38 31 54 38 23 38 15 38 38 31 15 15 13
69 62 69 77 77 77 77 77 77 69 62 62 62 62 46 23 13
75 75 83 83 75 83 75 75 75 75 75 75 58 58 67 33 12
90 90 100 100 90 100 90 90 90 90 90 90 70 70 80 40 10
Table 7

n indicates the number of specimens examined at each size range. Melanophore was not observed on the first to fourth myomeres and

Myomere
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 n
10 10 20 20 30 20 30 20 20 30 20 10 10 10
8 8 15 15 23 15 23 15 15 23 15 8 8 13
31 46 38 46 46 38 46 46 38 38 31 46 23 8 0 15 13
83 83 83 83 83 83 83 83 83 83 58 58 58 42 42 8 12
90 90 100 100 100 100 80 80 90 80 80 70 60 20 30 10 20 10

Pagrus major, and white trevally, Pseudocaranx dentex
[Sawada unpubl. data; Fig. 5]). Rapid growth in bluefin tu-
na is pronounced after day 20 (Xx=9.34 mm BL on day 20)
when larvae begin to metamorphose into juveniles. This
type of growth phase seems common to scombrids, for ex-
ample, T. albacares (Harada et al, 1971b; Kaji et al., 1999),
Scomber japonicus (Watanabe, 1970), Auxis tapeinosoma
(=A. rocheri, Harada et al., 1973), and Sarda orientalis
(Harada et al., 1974) and reaches its height by the time of
development of external physical features and the diges-
tive system (Kohno et al., 1984; Miyashita et al., 1998),
and by the time of development of their selective feeding
characteristics (Sawada et al., 2000).

On day 19 (Xx=10.17 mm TL), the mouth size of T. thyn-
nus averaged 2.54 mm according to Shirota’s (1970) cal-
culation (mouth size index=upper jaw length x 20-5), This
size is comparable to that of other scombrids, such as T.

albacares (3.3 mm) and Katsuwonus pelamis (3.0 mm) at
10 mm TL, although much larger than that of other spe-
cies (see Table 2 of Shirota, 1970). The digestive system of
T. thynnus develops earlier than that of other fishes (Rich-
ards and Dove, 1971; Miyashita et al., 1998) and attains
an adultlike structure by the juvenile stage, thus allowing
bluefin tuna to use food efficiently early in development.
The development of pigment, spines, jaw teeth, and
squamation in T. thynnus is summarized in Figure 6. The
jaw teeth of T. thynnus first appeared at 5.35 mm BL (day
10), the palatine teeth at 7 mm BL (flexion stage), and
were fully developed at 9 mm BL (postflexion stage). At 7
mm BL, T. thynnus larvae fed on other fish larvae and at 8
mm BL (postflexion stage), they were cannibalistic. Teeth
appearance and development corresponded to the piscivo-
rous stage during the fast-growth phase after the postflex-
ion stage. Future improved laboratory-rearing techniques
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Table 9

Number of erythrophores on the body of Thunnus thynnus larvae and juveniles.

Body length (mm) Dorsal edge Ventral edge  Lateral midline Lower jaw  Hypural plate Caudal fin finfold
3.38
3.41
4.63 2 34 5
4.75 8 32 4 1
5.02 4 2
5.09 4 36
5.11 3 54 4
5.35 24 4
5.78 1 2 4
6.10 1 24 5 4
6.72 3 1 6
6.91 1 1 4
6.96 2 17 6 2 2
6.96 1 8 3
7.03 8 6 1
7.06 8 12 8 1 5 2
7.12 8 10 5
7.20 6 8 6 1 3 1
7.92 1 8 6 1
8.16 6 8 3
8.41 1 11 8 3
8.74 1 4 5
8.81 4 7 34 2
8.92 3 3 1
9.02 1
9.35 3 12 5 3
9.38 3 2 3
9.56 2 2 1
9.60 9 3 1
9.70 5 1 6
9.93 2 2 2
10.03 1 23
10.56 4 1 2 7
10.97 4 1 3
11.26 1 15 12 2
11.71
12.20 4
13.71 5
14.00
14.79 3 1
14.83 1
15.33 2 4 1
15.49
15.85 1 3 2
16.86
18.73 1
19.71
19.72 2
20.40
21.87
24.85

25.89
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Figure 4
Schematic representation of the relative growth (length of body parts in relation to body length) in
hatchery-reared bluefin tuna, Thunnus thynnus. Flexion larva subdivision (FLS) and numerical com-
plement of fin rays (NCF) are also shown. In relative growth, O = the peak value of body part proportion
(in relation to BL) and m = the attainment of a constant value of body part proportion (in relation to
BL).

will allow further study of the structure and development
of feeding-related bony elements for T. thynnus, as has
been the case for S. japonicus (Kohno et al., 1984) and
Lates calcarifer (Kohno et al., 1996).

Pigmentation

Accurate identification of Thunnus larvae requires an
extensive knowledge of individual, growth-associated, and
geographic variations in melanophore and erythrophore
patterns. We obtained information on the individual and
growth-associated variations of these patterns from labo-
ratory-reared specimens.

The melanophore distribution pattern of T. thynnus lar-
vae and juveniles showed four distinct characteristic peri-
ods of development: newly hatched, 1-3 days after hatch-
ing, preflexion to postflexion, and juvenile.

T. thynnus thynnus larvae <3.99 mm BL from the Med-
iterranean had embedded melanophores (Kohno et al.,
1982); but we did not observe these in our specimens until
4.49 mm BL. This difference may be a subspecific differ-
ence between T. thynnus orientalis and T. thynnus thyn-
nus, or it may be due to insufficient numbers of specimens
larger than 6.0 mm BL in Kohno et al.'s study, or to the
experimental culture product as mentioned later.

Wild-caught T. thynnus orientalis larvae (3.15-8.20 mm
BL) most frequently had two melanophores both on the
dorsal and ventral edges of the trunk and tail (Nishikawa,
1985). This pattern resembles that of T. thynnus thynnus
larvae from the Mediterranean (2.53-5.25 mm BL, Kohno
et al., 1982). But our cultured specimens in the same size
range had greater numbers of these melanophores (Tables
2 and 3). Nishikawa (1985) reported the appearance of
melanophores at the dorsal fin somewhat earlier than we
observed their appearance, but their appearance on the
lower and upper jaws occurred in the same size range in
both studies where specimens were examined from the
same population. Laboratory-reared fish larvae have been

40
35 —e— Thunnus thynnus
30 F
—e— Pagrus major
25 F
b Pseudocaranx
20 © dentex

Total length (mm)

15
Days posthatch

20 25 30

Figure 5
Growth of bluefin tuna (Thunnus thynnus), red sea bream
(Pagrus major), and white trevally (Pseudocaranx dentex).
Red sea bream and white trevally were reared at the same
temperature range (24-27°C) as bluefin tuna (Sawada,
unpubl. data).

shown to have greater pigmentation than wild-caught lar-
vae (e.g. Pagrus major [Fukuhara and Kuniyuki, 1978],
Sparus sarba [Kinoshita, 1986], Parapristipoma trilinea-
tum [Kimura and Aritaki, 1985], and Nibea mitsukurii
[Kinoshita and Fujita, 1988]). Thus, the source of speci-
mens, wild-caught or laboratory-reared, may account for
observed differences in larval pigmentation between our
study and Nishikawa'’s study (1985).

A slight difference in the occurrence of lower jaw, trunk,
and tail melanophores has been reported among T. thyn-
nus from the Mediterranean (Kohno et al., 1982), the At-
lantic (Richards and Potthoff, 1974), and the Pacific (Mat-
sumoto et al., 1972). Lower jaw melanophores appeared
in all specimens larger than 3.0 mm BL from the Atlantic
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Figure 6
Schematic representation of the development of pigment, spines, jaw teeth, and squamation in hatch-
ery-reared bluefin tuna (Thunnus thynnus). O = appearance of pigment and spines was subject to indi-
vidual variation; m = pigment and spines were present in all specimens examined.
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and larger than 4.0 mm BL from the Pacific. In our speci-
mens, the incidence of these melanophores was 7.1% at
3.50-3.99 mm BL, 29.6% at 4.00-4.49 mm BL, 57.1% at
4.50—4.99 mm BL, 83.3% at 5.00-5.49 mm BL, and more
than 90% in specimens >5.50 mm BL. The largest speci-
men we observed lacking these melanophores was 9.46
mm BL. Our data are similar to those for specimens from
the Mediterranean. The difference in lower jaw melano-
phore distribution between our specimens and those of
Matsumoto et al. (1972) might be explained by geographic
variation of the melanophore pattern in the Pacific bluefin
tuna. Further study is needed to confirm this hypothesis.

Ueyanagi (1966) reported species-specific characteris-
tics of the erythrophore distribution pattern of Thunni-
nae larvae from the Pacific Ocean: T. alalunga consis-
tently had more erythrophores on the dorsal edge of the
trunk and tail in front of the caudal peduncle than did
T. albacares, which had only one or two erythrophores at
the caudal peduncle; T. thynnus and T. obesus had pat-
terns transitional between those of T. alalunga and T. al-
bacares. Our data for T. thynnus generally agreed with
those of Ueyanagi (1966); however, the number of dorsal
erythrophores in one individual ranged more (0-8) than
in Ueyanagi’'s study (1-5). In addition, ventral erythro-
phores appeared in large numbers (more than 20) at the

preflexion stage (4.63-6.10 mm BL). From examinations
of tuna larvae taken in Hawaiian waters, Matsumoto et
al. (1972) considered the erythrophore pattern useful as a
morphological characteristic for identifying tuna larvae.
At present, however, information is limited on erythro-
phore patterns of other Thunninae larvae and juveniles
and on the difference of these patterns in wild-caught and
laboratory-reared specimens. Thus collection of such in-
formation is needed to establish the erythrophore pattern
as a species-identifying characteristic of Thunninae lar-
vae and juveniles.

Thunnus thynnus did not have xanthophores from
hatching to the preflexion stage. However, T. albacares
(Harada et al., 1971b; Mori et al., 1971) and T. obesus (Ya-
sutake et al., 1973) have clusters of xanthophores in the
finfolds of both the dorsal and ventral fins, and on the dor-
sal body, respectively. Thus, the xanthophore pattern can
be used for distinguishing these Thunnus species at the
preflexion stage.

Much additional work on development of tunas under
controlled conditions, as well as the study on wild-caught
materials, is needed to understand their early life history.
We believe recent progress in the technology of rearing tu-
nas will yield important information on the early life his-
tory of Thunnus spp.
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