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a b s t r a c t

Age determination of wild captured Pacific bluefin tuna, Thunnus orientalis, was conducted using sagittal
otoliths of 806 specimens (47–260 cm in fork length) caught in the waters off Japan and Taiwan. Otoliths
were transversely sectioned and the opaque and translucent zones were analyzed. Opaque zones mainly
appeared on the otolith edge from April to July, indicating that the opaque zone is formed annually. The
eywords:
ge
rowth
acific bluefin tuna
ectioned otolith

opaque zones formed during later life (age 10+) were more distinct than the earlier zones. The estimated
ages of specimens ranged from 1 to 26 years. Parameters of the von Bertalanffy growth function were
estimated to be 249.6 cm, 0.173, and −0.254 years for L∞, k, and t0, respectively. Growth of younger fish
was rapid up to 5 years old attaining about 150 cm, and then growth rate decreased. After that, fish
attained about 200 cm at 9 years old and about 225 cm (90% of L∞) at 13 years old (50% of maximum age).

iologi
es for
hunnus orientalis This paper updates the b
assessment model analys

. Introduction

Pacific bluefin tuna, Thunnus orientalis, is a large scombrid fish
nd often attains 300 kg (Foreman and Ishizuka, 1990). The species
s distributed in the regions from subtropical to subpolar waters
n the North Pacific Ocean and may migrate to the southern hemi-
phere (Bayliff, 1994). In the North Pacific Ocean, Pacific bluefin tuna
s an important commercial fish species caught by troll, longline,
urse seine, and set net (Itoh, 2001), and recent stock assessment
f the species indicates that the annual catch has highly fluctu-
ted since the 1950s (Anon., 2008). Life history traits of wild Pacific
luefin tuna are not well-studied. The migration range has been
uggested to vary over its life history (Bayliff, 1994), and adult
ork lengths also differ by areas (Itoh, 2006). Two main spawn-
ng grounds are recognized for the Pacific bluefin tuna; one in the
outhwestern North Pacific off east Taiwan and another in the Sea
f Japan (Okiyama, 1974; Chen et al., 2006; Tanaka et al., 2007), but
urrently there is no evidence for any local stocks in both spawning
egions.

In previous studies, age and growth investigations of Pacific

luefin tuna have been conducted by using various hard parts
such as vertebral bones, scales, and otoliths), information from
ag-recapture studies, and modal progression of length frequency
istributions (Aikawa and Kato, 1938; Yukinawa and Yabuta, 1967;
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cal information on length at age with a large size range to support stock
this commercially valuable species.
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Bayliff et al., 1991; Foreman, 1996). However, results from these
investigations may be applicable for only younger fish due to the
lack of specimens of ages more than 10 years old or 200 cm fork
length (FL) because of the difficulty to collect sufficient samples and
to establish appropriate ageing techniques. For southern bluefin
tuna, Thunnus maccoyii, fish older than 10 years can only be aged
by annual increment count on the sectioned otoliths (Gunn et
al., 2008). Age determination of Atlantic bluefin tuna, Thunnus
thynnus, the sibling species of Pacific bluefin tuna, has also been
conducted by sectioned otolith increment counts, and its longevity
is estimated to be over 30 years (Hurley and Iles, 1983; Neilson
and Campana, 2008). No previous age determination studies of
large Pacific bluefin tuna have used the otolith increment counting
method.

For proper stock assessment and management purposes, there-
fore, ageing of large Pacific bluefin tuna using sectioned otoliths is
necessary to provide length at age data. The objectives of this study
are to validate the annual increments on the sectioned otolith and to
estimate the age and growth of Pacific bluefin tuna which covered
a large size range and sampled from all seasons.

2. Materials and methods
2.1. Sample collection

Sagittal otoliths of 808 individual Pacific bluefin tuna, caught
in the waters off and landed in ports in Japan and Taiwan from

http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:tamaki_shimose@yahoo.co.jp
dx.doi.org/10.1016/j.fishres.2009.06.016
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Table 1
Sampling details for the otolith collection of Pacific bluefin tuna, Thunnus orientalis, used in the present study.

Fishing port or R.V. Fishing gear Year Month n Fork length (cm)

Fishing port in Japan
Bikuni, Hokkaido Set net 2000 October 10 62–75
Yoichi, Hokkaido Set net 2002, 2003 October 7 61–66
Sawara, Hokkaido Longline, set net 2006 August 2 229–234
Toi, Hokkaido Longline 2006, 2007 August–December 30 142–260
Matsumae, Hokkaido Longline 2001, 2003 November 7 69–78
Ohma, Aomori Longline, troll 2006, 2007 August, September,

December
126 119–259

Ishinomaki, Miyagi Purse seine, set net 1998–2000, 2003, 2004 August–November 50 54–175
Shiogama, Miyagi Purse seine 1997, 2000, 2002,2006 June, July 44 60–190
Ryotsu, Niigata Set net 2004 June 1 131
Himi, Toyama Set net 2001 January 1 103
Sakaiminato, Tottori Purse seine 1992, 1998–2007 March, June–August,

December
64 100–223

Hagi, Yamaguchi Troll 2003 November 3 85–87
Tsushima, Nagasaki Pole line 1998 November 1 71
Katsumoto, Nagasaki Troll 2007, 2008 February, November,

December
15 95–160

Hakata, Fukuoka Purse seine 2003 July 12 46–55
Katsuura, Wakayama Longline 2007, 2008 March–June 53 158–245
Aburatsu, Miyazaki Longline 2007, 2008 May, June 11 175–224
Naha, Okinawa Longline 2007 May, June 96 183–240
Itoman, Okinawa Longline 2007, 2008 April–July 11 203–240

Fishing port in Taiwan
Tungkang Longline 2006, 2007 May, June 258 183–255

Research vessel (R.V.)
R
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slides and then photographed under a microscope with transmitted
light. Opaque zones in the sectioned otolith image were analyzed
.V. Kurosaki Longline 2002

.V. Taikei-Maru Longline 2000

otal

992 to 2008, accompanied with length data were collected for age
etermination (Fig. 1). To obtain specimens with a large size range,
pecimens were sampled from catches of various types of fisheries,
ncluding troll, longline, purse seine, and set net (Table 1). Spec-
mens from different fisheries, locations, seasons, and years were
ombined for the analyses, and their sizes ranged from 47 to 260 cm
L (Fig. 2).

Landed specimens at the fishing ports were measured for FL to
he nearest 1 cm and body weight (BW, without gills and viscera)
o the nearest 1 kg. Some small individuals (<10 kg) and Taiwanese
amples were measured BW with gills or gills and viscera, and were
xcluded for the analysis of the length–weight relationship. Sex of
ach specimen was also checked by visual inspection of the gonad

orphology when possible. Otoliths were collected at fishing ports

nd fish markets. Moreover, another 36 otoliths collected from the
aters off northern Japan in January (n = 14), August (n = 6), Novem-
er (n = 3), and December (n = 13) were used only for the analysis

Fig. 1. Map of fishing ports for Pacific bluefin tuna, Thunnus orientalis.
May 1 177
May, June 5 129–206

808 46–260

of the opaque zone formation because the FL data was not ascer-
tained. The right otolith of each specimen was used and some left
otoliths were also used when the right otoliths were broken or not
available.

2.2. Otolith observation and age validation

Following the technical manual of age determination for south-
ern bluefin tuna (Anon., 2002), each otolith sample was embedded
in epoxy resin and 0.3 mm thick samples were transversely sec-
tioned including the core. Sectioned otoliths were mounted on glass
and counted twice by one reader. The first and second counts were
performed with an interval of at least 2 weeks, and the precision
of these two counts were quantified by the average percent error

Fig. 2. Length frequency distribution of Pacific bluefin tuna, Thunnus orientalis.
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3.3. Precision of ageing

In the two counts of 806 otoliths, 388 otoliths (48.1%) showed
complete agreement and 302 otoliths (37.5%) had only 1 year dif-
ference between the two counts (Table 2). Total mean APE and CV

Table 2
Precision of the two opaque zone counts for each fork length (FL) class of Pacific
bluefin tuna, Thunnus orientalis.

FL class (cm) n % agreement Mean APE Mean CV
ig. 3. Photographs of the ventral arm in the sectioned otoliths from three differ-
nt sizes of Pacific bluefin tuna, Thunnus orientalis. Arrows indicate opaque zones
ounted in this study. (a) 98 cm FL, 2 opaque zones, (b) 198 cm FL, 9 opaque zones,
nd (c) 246 cm FL, 26 opaque zones.

APE; Beamish and Fournier, 1981), the coefficient of variance (CV;
ampana, 2001), and age-bias plot (Campana, 2001). If the results of
he two counts conflicted, final ages were decided by a third count
ith the knowledge of the previous two counts. All counts were

erformed without reference to fish length, locality or collection
ate.

To verify the season of opaque zone formation, otolith edge was
bserved under a binocular microscope with reflected light on a
lack background, and the otolith edge condition was determined
o be opaque, translucent, or unidentifiable.

.3. Estimation of growth curve

Ages of individual fish were assigned by quarter year assum-
ng they hatched in the second quarter of the year (April to June),
he peak spawning season of Pacific bluefin tuna in the waters off
outhern Japan and eastern Taiwan (Nishikawa et al., 1985; Chen et
l., 2006). Specimens collected in the third quarter (July to Septem-
er), the fourth quarter (October to December) and the first quarter
January to March) were aged as number of opaque zones +0.25,
0.50, and +0.75 years, respectively. But specimens with an opaque
one on the otolith edge collected in the first quarter were aged as
umber of opaque zones −0.25 years.

The von Bertalanffy growth function was employed to represent
he growth of specimens and fitted to length at age data using non-
inear least-squares method

t = L∞(1 − e−k(t−t0))

here Lt is the length at age t, L∞ is the asymptotic length, k is the
rowth coefficient, and t0 is the theoretical age at L = 0.

. Results

.1. Otolith structure
All sectioned otoliths had opaque and translucent zones except
or two otoliths which had an abnormal shape. Translucent zones
nd opaque zones were formed alternately from the core region
o the terminal edge of the ventral arm in the sectioned otolith
Fig. 3). Opaque zones were also recognized in the dorsal arm of
Fig. 4. Monthly changes in the frequency of occurrence for opaque or translucent
zone on the otolith edge of Pacific bluefin tuna, Thunnus orientalis. Numbers above
bars indicate the number of samples.

the sectioned otoliths of larger specimens, but no opaque zones
were observed near the core region. Therefore, opaque zones were
counted in the ventral arm of the sectioned otolith.

The opaque zones formed during the first 10 years of life were
less distinct and formed with a large distance between zones. On
the other hand, later zones (10+ years) were distinct and formed
regularly after the ventral arm inflexed. Earlier opaque zones were
more distinct at the distal side of the otolith and later zones were
more distinct at the proximal side of the otolith. Some otoliths had
pale opaque zones between distinct opaque zones but they were
not counted.

3.2. Formation of opaque zones

The otolith edges of smaller individuals were less identifiable for
determining the opaque or translucent zones (0.0% for 46–99 cm,
18.2% for 100–149 cm FL), whereas the otolith edges of larger indi-
viduals were more identifiable (55.8% for 150–199 cm, 94.1% for
200–260 cm FL) because the older opaque zones were more dis-
tinct. In total, the edges of 592 (70.3%) of 842 individuals could
be identified as either opaque or translucent. Opaque zones fre-
quently appeared on the otolith edge of the specimens caught from
April to July (>75.0%), and infrequently from September to February
(<9.5%) (Fig. 4). The frequency peaked once a year indicating that
the opaque zone was formed annually.
46–99 98 86.73 4.42 6.25
100–149 66 50.00 9.23 13.05
150–199 154 40.26 5.54 7.84
200–260 488 42.62 3.58 5.07

Total 806 48.14 4.51 6.38
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Table 3
Observed and calculated fork length (FL) for each age of Pacific bluefin tuna, Thunnus
orientalis. Calculated FL is obtained from the von Bertalanffy growth function in Fig. 6
and is for the second quarter of the year (April–June).

Age (years) Observed Calculated

n Mean FL (cm) S.D. FL (cm)

1.00–1.75 57 63.6 8.8 48.7
2.00–2.75 51 88.3 12.2 80.6
3.00–3.75 20 119.6 15.5 107.4
4.00–4.75 29 134.2 19.0 130.0
5.00–5.75 18 143.0 12.3 149.0
6.00–6.75 43 170.7 17.9 165.0
7.00–7.75 38 179.2 15.9 178.4
8.00–8.75 42 193.3 16.7 189.7
9.00–9.75 51 203.2 15.4 199.2

10.00–10.75 79 208.3 14.1 207.2
11.00–11.75 72 215.8 11.7 214.0
12.00–12.75 87 220.2 10.3 219.6
13.00–13.75 64 227.3 9.7 224.4
14.00–14.75 51 228.3 11.6 228.4
15.00–15.75 24 232.4 12.3 231.7
16.00–16.75 24 230.9 11.0 234.6
17.00–17.75 16 234.3 12.8 237.0
18.00–18.75 14 235.0 12.1 239.0
19.00–19.75 11 238.0 10.1 240.6
20.00–20.75 8 241.4 13.2 242.1
21.00–21.75 2 236.5 0.7 243.3
22.00–22.75 3 246.3 8.1 244.3
23.00–23.75 1 244.0 – 245.1
ig. 5. Age-bias plot of the two opaque zone counts for Pacific bluefin tuna, Thun-
us orientalis. Plots and vertical bars indicate means and 95% confidence intervals,
espectively. The one to one equivalence line is also shown.

ere 4.51 and 6.38, respectively. The APE and CV were the high-
st for the 100–149 cm FL class (9.23, 13.05), and then decreased
s FL increased. Age-bias plot showed no systematic bias between
wo counts (Fig. 5). Otoliths of 418 individuals for which there was
isagreement of more than 1 year between the two counts were
ecounted before final age assignment.

.4. Age and growth

Ages were estimated to be 1–26 years old for 47–260 cm FL.
ariation in age estimates among similar size individuals was large
roviding evidence that individual growth rates were highly vari-
ble (Fig. 6). Mean (±S.D.) FLs for specimens of ages 5, 10, 15, and
0 years were 143.0 (±12.3), 208.3 (±14.1), 232.4 (±12.3), and 241.4
±13.2) cm, respectively (Table 3). Length at age data were fitted
o von Bertalanffy growth function, and the parameters of mean

±S.E.) L∞, k, and t0 were estimated to be 249.6 (±19.0) cm, 0.173
±0.005), and −0.254 (±0.069) years, respectively. The growth func-
ion indicated that Pacific bluefin tuna grew rapidly during the first
years and attained a size of about 150 cm FL, and then the growth

ig. 6. Fork length (Lt, cm) at age (t, years) and the fitted von Bertalanffy growth
urve for Pacific bluefin tuna, Thunnus orientalis.
24.00–24.75 – – – 245.8
25.00–25.75 – – – 246.4
26.00–26.75 1 246.0 – 246.9

rate gradually decreased. After that, fish attained about 200 cm at
9 years old and 225 cm (90% of L∞) at 13 years old (50% of the
maximum age).

Sex could be determined for 283 individuals with 134 females
and 149 males, and sufficient numbers of samples to compare the
sex ratio were only available for 5–9 and 10–14 years classes by
5 years interval. Sex ratios for 5–9 and 10–14 years old were not
significantly different from 1:1 (chi-square test; chi-square = 0.103,
d.f. = 1, p = 0.748 for 5–9 years; chi-square = 0.072, d.f. = 1, p = 0.788
for 10–14 years). No significant difference in the mean FL between
sexes was observed for the class of 5–9 years (unpaired t-test;
t = 0.849, d.f. = 85, p = 0.398), while mean FLs of males were signif-
icantly larger than females for the class of 10–14 years (t = 3.386,
d.f. = 123, p < 0.001) with the value of 6.8 cm.

3.5. Length–weight relationship

Body weights of 404 individuals were recorded after being gilled
and gutted. Body weights were highly variable even in the same
FLs because of not only individual differences but also seasonal
changes in the body condition. However, the relationship between
FL and BW was expressed by a single equation of the power func-
tion (Fig. 7). Body weights of 100, 150, 200, and 250 cm FL calculated
from the power function were 20, 65, 148, and 283 kg, respectively.

4. Discussion

The results from the current study provide practical biologically
related parameters for stock assessment and management propos-
als of Pacific bluefin tuna, which is a commercially exploited and
valuable species in the North Pacific Ocean. Similar to reports for

Atlantic bluefin tuna (Neilson and Campana, 2008) and southern
bluefin tuna (Kalish et al., 1996), sectioned otoliths of Pacific bluefin
tuna presented distinct opaque zones that were validated as annual
increments. In the present study, edge condition analysis was
applied to validate opaque zone formation on the sectioned otolith,
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ig. 7. Relationship between fork length (FL, cm) and the gilled and gutted body
eight (BW, kg) of Pacific bluefin tuna, Thunnus orientalis.

ut this kind of analysis is sometimes misused (Campana, 2001).
owever, the ventral arm of the sectioned otolith in Pacific bluefin

una kept growing even in the older individuals, and the edge con-
ition could be identified clearly enough to validate opaque zone

ormation.
Formations of otolith opaque zone are thought to relate to

pawning activities, water temperature, or food supply (Beckman
nd Wilson, 1995). In the present result, formation of the opaque
one in Pacific bluefin tuna otolith was confirmed from April to July,
nd these months corresponded to the spawning season which is
onfirmed in the southwestern North Pacific during May and June
Chen et al., 2006) and in the Sea of Japan during July (Tanaka
t al., 2007). The smallest size of a female Pacific bluefin tuna in
ctive reproductive condition is 107 cm FL from the Sea of Japan
Okochi et al., unpublished data), but most fish caught in the waters
ff east Taiwan, which is recognized as one of the main spawning
rounds, are larger than 190 cm FL (Chen et al., 2006). This infor-
ation implies that larger fish spawn in the main spawning ground

nd the more distinct outer opaque zones are formed in larger/older
sh as observed in the present study, which is similar with the case

n other coastal fish species (Shimose and Tachihara, 2006).
Total mean APE value was 4.51 in the present study, and this

alue is slightly higher than the case of southern bluefin tuna (3.98
nd 2.59) (Farley et al., 2007; Gunn et al., 2008) but lower than the
ase of bigeye tuna, Thunnus obesus (5.98) (Farley et al., 2006). This
ay be caused by the difference in the readability of opaque zones

mong species (Farley et al., 2006) and/or counting skills of readers
Gunn et al., 2008). The APE in the present study took a slightly
igher value than the results of southern bluefin tuna, however,
ean APE (4.51) and mean CV (6.38) are lower than the average of
any ageing studies (5.5 for APE and 7.6% for CV) (Campana, 2001).

herefore the present ageing is considered to be consistent.
The earlier opaque zones were found to be less distinct than the

ater zones and the ageing precision of smaller individuals was also
ow. A similar tendency is also reported for Atlantic bluefin tuna
Hurley and Iles, 1983), southern bluefin tuna (Gunn et al., 2008),
nd bigeye tuna (Farley et al., 2006). Formation of the otolith annual
ncrements in younger southern bluefin tuna has been confirmed
y the tag-recapture study and the marginal increment analysis of
hole otolith (Clear et al., 2000; Gunn et al., 2008). In Pacific bluefin

una, it takes 3.73 years to grow from 56.4 cm to 153.0 cm FL esti-

ated by tag-recaptured study (Bayliff et al., 1991), and it took 4.01

ears by the growth curve obtained in the present study. Further-
ore, ages of 121.0, 131.5, 151.1, and 158.6 cm FL Pacific bluefin tuna

re estimated to be 3.83, 5.46, 4.41, and 4.77 years old by otolith
aily growth increment counts (Foreman, 1996), and ages of these
rch 100 (2009) 134–139

sizes were estimated to be 3.58, 4.07, 5.12, and 5.58 years old by
the growth curve obtained in the present study. These two compar-
isons indicated that the growth curve obtained in the present study
does not conflict much with previous studies, and is considered to
be reliable for younger individuals. In conclusion, this age determi-
nation technique can be applied for all size classes and the whole
life history of Pacific bluefin tuna.

Growth after 10 years old of Pacific bluefin tuna was estimated
for the first time and indicated that growth after 10 years is greatly
reduced (almost stops) and the longevity exceeds 20 years. There-
fore the parameter L∞ of the von Bertalanffy growth function
obtained in the present study (249.6 cm FL) was much smaller than
the L∞ (320.5 cm FL) estimated when the growth of only younger
individuals used (Yukinawa and Yabuta, 1967). Decrease of growth
rate after 10 years (ca. 207 cm FL) is thought to be related with the
increase of reproductive activity or the decrease of feeding activ-
ity. These hypotheses should be determined by the observation
on various behaviors of Pacific bluefin tuna over their whole life
history.

The parameter L∞ of the von Bertalanffy growth function
obtained in the present study (249.6 cm FL) is smaller than that for
the Atlantic bluefin tuna (289 cm) (Neilson and Campana, 2008).
Atlantic bluefin tuna used for age determinations including fish
up to 300 cm collected in the 1970s and the 1980s, and ages often
exceeded 30 years (Hurley and Iles, 1983; Neilson and Campana,
2008). Many Pacific bluefin tuna measured larger than 260 cm FL
have been reported in Taiwanese waters in the early 1990s but their
ages were not estimated directly (Hsu et al., 2000), and such large
fish have not been common in the recent years (Chen et al., 2006).
Lack of large fish during the present study period might produce
a lower value of L∞ (249.6 cm FL) and longevity (26 years), and
a higher value of k (0.173) compared with that of Atlantic bluefin
tuna (289 cm FL, 31 years, and 0.116) (Neilson and Campana, 2008).
Potential growth of Pacific bluefin tuna under no fishing pressure
is uncertain, but the present results represent the current status of
Pacific bluefin tuna off Japan and Taiwan, that fewer larger/older
fish remain in the population.

As reported for Atlantic bluefin tuna (Hurley and Iles, 1983),
southern bluefin tuna (Gunn et al., 2008), and bigeye tuna (Farley et
al., 2006), males tend to grow larger than females. Present results of
Pacific bluefin tuna also showed that males are larger than females
in the older age group (10–14 years), and this is thought to be caused
by the differential growth between sexes. Growth curves could not
be estimated for each sex in the present study because of the limited
samples, and should be estimated independently in future studies.

The age determinations presented in this paper can be appli-
cable to further ageing investigations of Pacific bluefin tuna, and
the growth parameters provide updated information, which may
significantly support future stock assessment and management
proposals. Until now, many biologically related parameters (e.g.,
sex ratio, age at maturity, and sex specific growth parameters)
of Pacific bluefin tuna that have been used in stock assessment
model analyses have not been verified. For the sustainability of this
commercially exploited fish species, it has been of great urgency
to conduct primary biological studies to obtain more accurate
information on biological-related parameters. Furthermore, age
composition and its decadal change in each area should be clarified
for stock assessment and a more comprehensive understanding of
the life history of Pacific bluefin tuna related to fisheries.
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