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Abstract

Bluefin tuna is the largest and the highest economic species among tunas.
Traditionally, Pacific bluefin tuna were exploited by Japan, Taiwan, U.S.A. Mexico and
South Korea. About 90% of annual catch was caught by Japanese, and 5% for Taiwanese.
Japan used longline, troll, purse seine, handline and driftnet to catch adult and juvenile
fish smaller than 215 cm; Taiwan used longline to catch fish over 185 cm; U.S.A. used
purse seine incidentally to catch smaller fish; Mexico used purse seine to catch juveniles
for farming; and South Korea used purse seine and trawl to fish seasonally. Recently, the
production was lower than 15,000 t after the highest harvest was made in 1980 (33,494 t).
The recent two decades, declined productions may result from decreasing standing crops.
And the accuracy of reported catches and selectivity are the issues of analyzed the stock
accurately. The study used abundance indices from different fisheries to build the
production models by Bayesian approach and to analyze the uncertainty of the observed
data. Then the study used age-structured models to investigate the population dynamics,
and finally the study estimated the population reproductive potential in order to
understand when a strong year-class occurred. Results indicated that Taiwanese longline
index declined from the peaked in 1999 to the lowest in 2002, then increased slight then
after. Bayesian model was built with uncertainty shows that total biomass was the lowest
in 2002 about 80,000 t, and recovered to 130,000 t in 2004. The exploitation rate was
declined from 2002 to 2004 about lower than 40% annually. The estimated MSY ranged
from 24,400 t to 25,000 t. The standing crop was at moderate to full exploitation status.
The adaptive VPA indicated that the spawning stock biomass (over 5-year-old) was in
fluctuated increasing, about 30,000 t to total biomass about 60,000 t in 2003. This result
was more conservative than from Bayesian approach, but the abundance is the second
high since 1970s. The recruit shows a great fluctuation recent decade from 1 to 9 million
fish. Population reproductive potential analysis shows the tendency of recruitment
coincidently. However, the great fluctuation of recruits needs to be investigated in future.

Keywords: Pacific bluefin tuna; abundance index; Bayesian approach; production
analysis; virtual population analysis; reproductive value; population reproductive
potential; recruit; spawning stock biomass; exploitation rate; maximum sustainable yield
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INTRODUCTION

Bluefin tuna is a common name for three species, those are northern bluefin tuna
which includes Thunnus thynnus distributing in the Atlantic Ocean where is mainly the
Carrabean Sea in the western Atlantic, Mid-northern Atlantic and Eastern Atlantic and
the Mediterranean Sea; and Thunnus orientalis in the North Pacific Ocean; Thunnus
maccoyii in the waters circum-southern hemisphere (Gibbs and Collette 1967). Usually,
T thynnus is called as Atlantic bluefin tuna, 7. orientalis is Pacific bluefin tuna and T
maccoyii is southern bluefin tuna. Fig. 1-1 indicates the distribution of PBF in the Pacific
Ocean (Collete and Nauen 1983) for the species.

Bluefin tuna is a highly migratory species, it can migrate trans-ocean (Mather, 1960
Orange and Fink, 1963 ; Clemens, 1969 ; Mather, 1980; Cort and Rey, 1985; Clay, 1991 ;
Bayliff, 1993; Anonymous 2007). It can be found mainly in temperate and tropical
waters of northern hemisphere, including the Pacific ocean; Atlantic Ocean and
Mediterranean Sea (Nakamura, 1938; Blackburn, 1965 ; Nakamura and Warashina, 1965
Shingu et al., 1974 ; Collette and Nauen, 1983). The bluefin tuna can tolerate a very wide
range of water temperature that is from about 5°C to 29°C, as long as the archival tags
for western Atlantic bluefin tuna indicated the water temperature at their habitat ranged
from 4°C to 24°C during the late winter and early spring (Block et al. 1998). The
distribution of Pacific bluefin tuna (PBF) was investigated by biological studies (Deriso
and Bayliff 1991), fishery (Bayliff 1994) and tagging (Takahashi et al. 2002). The PBF
adults migrate to northeastern waters off Luzon, eastern and northeasternTaiwan, Ryukyu
Islands, southern Kyushiu prefecture and the Sea of Japan (Deriso and Bayliff 1991) in
the western North Pacific; The juveniles and sub-adults distribute in the waters
northward off southern Japan and the eastern North Pacific where are the waters off
California and Mexico in the western North America, and they return to the western
North Pacific waters when they grow to about 4 and 5-year-old as becoming sexual
maturity (Bayliff 1994; Takahashi et al. 2002).

Many studies and reports were issued to describe the stock status of the Pacific
bluefin tuna during the past two decades, however, other than biological studies, the
stock assessment was very few with the abundance index derived from Japanese fleets
and purse seiners in the eastern Pacific Ocean.” For this species are exposed to
multi-fisheries over most of a wide fishery space extent, historical statistics from
different fishing parties should be very essential to indicate its different population
patterns. To assess and propose a management measures for the Pacific bluefin tuna, thus,
catch and effort data collection as well as developing a reliable abundance index to
represent the spawning stock are urged for Taiwanese fishery. Biomass dynamic models
are one of the simplest analytical methods available that focuses on the dynamics of the
population as a whole. The original method of assuming equilibrium conditions has been
criticized for providing overly optimistic estimates of optimum effort and maximum
sustainable yield and suggestions were made to abandon the use of the models (Hilborn
and Walters, 1992; Haddon, 2001; Williams and Prager, 2002). The major concerns about
fitting these models to time-series data are that uncertainties and variability are not taken
into consideration. Parameters are point estimates or assumed values are used and
uncertainties of parameters are often ignored or additional analyses are conducted to
assess uncertainties using sensitivity analysis (e.g. Goodyear, 1995), confidence intervals
(e.g. Mohn, 1993) or sampling distributions using re-sampling methods (e.g. Smith et al.,
1993). However, none of these provide integrated analyses to describe unknowns and
parameters in the form of probability for complex model (McAllister and Kirkwood,
1998). Further uncertainties are associated with how the model handles observation and
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process errors.

To resolve both the observation error and the process error structures for Pacific
bluefin tuna, the state-space modeling with a Bayesian approach was used. The model
incorporates uncertainties about reported catch data in and abundance indices from the
six major fisheries, which Taiwanese small longline fisheries seasonally was included
and those fisheries were weighted equally within the model in order to capture the true
uncertainties about quantities of interest such as maximum sustainable yield. Therefore,
the following 5 topics were pursued in this three-year term project, in which a synopsis
of PBF fishery and 4 complete papers that have and will be submitted to SCI journals
was presented and attached as a final report of this project.

1. Pacific bluefin tuna fishery;

2. Abundance index for the longline fishery targeting spawning Pacific bluefin tuna in
the southwestern North Pacific Ocean;

3. Incorporating uncertainty into the estimation of biomass for the Pacific bluefin tuna;

4. Stock assessment of bluefin tuna in the North Pacific Ocean by virtual population
analysis with adaptive framework;

5. Reproductive potential analysis of bluefin tuna in the North Pacific Ocean;

1. PBF fishery

PBF provides important fishery for Japan, Mexico, Taiwan, U.S.A. and South Korea
(Anon. 2007). Table 1-1 shows the historical catches by those nations. The PBF catch is
mainly from western North Pacific Ocean, which occupies about 84% by Japan, Taiwan
and South Korea; from eastern North Pacific by U.S.A. and Mexico. The catches by
nations were summarized as followed:
1.1 Japan

Fig. 1-2 shows catch of PBF by Japanese fisheries (Yamada 2007). Japan has used
PBF before 1952, including several gears, such as purse seine, longline, troll, pole and
line and set net etc. The annual catch varied from 8,000 tons to 30,000 tons. Since 1990s,
annual catches ranged from 8,000 tons to 22,000 tons with a 80% age composition about
0-2 years old juveniles, and in particular, 95% in 1991 (Takahashi and Yamada 2002).
Yamada and Yamazaki (2002) reported that 70% of Japanese catch (about 5,000 tons to
8,000 tons year to year) were from the coastal purse seine fishery, in which two places
were operated, those were the Pacific waters off eastern Japan for juveniles and adults
from June to August each year, and off the Sea of Japan for adults from July to August
and for juveniles from April to June. Japanese longline was operated at coastal waters off
Japan and distant waters in the North Pacific Ocean from late April to early June,
including southwestern waters of Miyako Island, southeastern waters of Ishigaki Island
and northern waters of Nishimote Island. The annual production varied between 300 and
1,400 tons. Troll fishery was mainly operated in sides of the Sea of Japan from July to
March. Catches were almost the juveniles about 20-30 cm. The pole and line fishery
fish juvenile PBF incidentally from June to December, with a great variation catches
from 100 to 400 tons annually. The Japanese set net fishery exploited size variety PBF in
different seasons, the catches were less than 500 tons with main 0 and 1-year-old PBF.
And the driffnet fished PBF at coastal waters for juveniles; the catches were less than
100 tons.
1.2 Taiwan

Fig. 1-3 shows the historical catches of PBF (Hsu 2007). Taiwan exploited PBF by
using small-scaled longline during late April and late June only in the waters off eastern
Luzon and eastern Taiwan; and only for the giant mature adults. The PBF catches by
Taiwanese longliners were less than 189 tons before; and increased since then to the peak



of 3,089 tons in 1999, then declined year to year, about 1,400 tons in 2006.
1.3 South Korea

PBF by South Korean fishermen was caught using mackerel purse seiners
incidentally from January to August off Cheju and Tsushima. The sizes of caught PBF
were about 30-80 cm, equivalent to about o year-old and one-year-old. And the total
annual catch was about 1,000 tons with more than 30 purse seiners and 4 trawlers
(Anon.2007).
1.4U.S.A.

The PBF fishery in the eastern Pacific Ocean was exploited from 23°N to 34°30°N,
northward to Alaska waters using mainly the purse seiners from May to October. Besides,
the recreational fishery was taken by U.S.A. and drift net by Mexico. The annual
catches were from 250 tons to 4,900 tons, in which were about 75% were taken from
south California and the coastal waters off Mexico (Dreyfus 2007). Also the swordfish
and bigeye tuna fisheries can take PBF incidentally by longline gear in the California and
Hawaii waters.

1.5 Mexico

Mexicans took PBF from the coast waters during June and October with a PBF

mean weight about 20 kg (5 — 60 kg) = The catches were from 100 tons to 700 tons

annually before 1989 and from 0 to about 9,900 tons then after.
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Table 1-1 shows the historical catches by those nations. (From Report of the 2007 Pacific
Bluefin Tuna Workshop, Shimizu, Japan)

Western Pacific States Eastern Pacific States sk okk

Japan Korean** Chinese Taipei Sub United States Mexico Sub Other | Grand
Year T ‘1;n]1 =< Longline Troli+++ "OI'? o4 SetNet  Others | PUSe Traw [ Longline  Purse R'S‘:ﬂ“" Omers| ORI Purse  Others  Sport | Purse Others Total f  untrics Total
19521 7,680 2,581 439 2,198 2,145 357 15,400 | 2,076 2 2,078 17,478
1953 5,570 1,998 1,465 3,052 2335 133 14,553 [ 4,433 48 4,481 19,034
1954 5,366 1,588 1,656 3,044 5,579 266 17,499 [ 9,537 11 9,548 27,047
1955 14,016 2,099 1,507 2,841 3256 264 23983 | 6,173 93 6,266 30,249
1956 20,979 1,242 1,765 4,060 4,170 703 32919 | 5727 388 6,115 39,034
19571 18,147 1,490 2,395 1,795 2,822 208 26,857 | 9215 73 9,288 36,145
1958] 8,586 1,429 1,509 2,337 1,187 190 15,238 | 13,934 10 13,944 29,182
1959 9,996 3,667 1,011 586 1,575 154 16,988 [ 6,914 15 6,929 23917
1960 [ 10,541 5,784 1,846 600 2,032 363 21,166 | 5422 1 0 5423 26,589
1961 9.124 6,175 3,116 662 2,710 598 22,385 | 8,136 26 130 8,292 30,677
1962 10,657 2,238 978 747 2,545 289 17,454 | 11,268 28 294 11,590 29,044
1963 | 9,786 2,104 2,403 1,256 2,797 279 18,626 | 12,271 8 412 12,691 31,317
1964 8,973 2,379 2,739 1,037 1,475 365 16,968 [ 9,218 8 131 9,357 26,325
1965 11,496 2,062 1,429 831 2,121 356 54 18,348 | 6,887 1 289 7,177 25,525
1966 | 10,082 3,388 1,502 613 1,261 114 - 16,960 | 15,897 23 435 16,355 33315
1967| 6,462 2,099 3,115 1,210 2,603 282 53 15,824 | 5,889 36 371 6,296 22,120
1968 9,268 2,278 1,407 983 3,058 203 33 17,231 5976 1 195 6,172 23,403
1969 3,236 1,366 1,836 721 2,187 184 23 9,553 | 6,926 17 260 7,203 16,756
1970 2,907 1,123 1,181 723 1,779 215 - 7,929 | 3,966 21 92 4,079 12,008
1971 3.721 757 2,189 938 1,555 226 1 9,386 | 8,360 8 555 8,923 18,309
1972 4212 724 2,385 944 1,107 154 14 9,539 | 13,348 17 1,646 15,011 24,550
1973] 2,266 1,158 3,519 526 2351 576 33 10,430 | 10,746 61 1,084 11,891 22,321
1974 4,106 1,220 2,994 1,192 6,019 679 47 16,258 5,617 65 344 6,026 22,284
1975 4,491 1,558 941 1,401 2,433 781 61 11,667 | 9,583 38| 2,145 11,766 23,433
1976 2,148 520 920 1,082 2,996 1,226 17 8,910 | 10,646 23| 1,968 12,637 21,547
1977] 5.110 712 2,230 2256 2257 1,031 131 13,727 | 5473 21| 2,186 7,680 21,407
19781 10,427 1,049 4757 1,154 2,546 2,183 66 22,183 | 5,396 5 545 5,946 28,129
1979 13,881 1,223 2,659 1,250 4,558 2,200 58 25830 | 6,118 12 213 6,343 32,173
1980 11,327 1LI70 1,494 1392 2,521 1,931 114 19,948 | 2938 8 582 3,528 23,476
1981 25422 8 796 1,758 754 2,129 2,540 179 33,587 867 15 6 218 1,106 34,693
1982 19.234 880 872 1,777 1,667 1,622 31 207 - 11 26,302 | 2,639 4 7 506 3,156 29,458
1983 | 14,774 10 707 2,020 356 972 892 13 175 9 12 19,939 629 134 21 214 998 20,937
1984 4,433 360 1,905 587 2,234 658 4 477 5 10,664 673 34 31 166 904 11,568
1985( 4,154 8 496 1,920 1817 2,562 992 1 210 80 67 12,308 | 3,320 155 55 676 4,206 16,514
1986 7412 249 1,562 1,086 2914 468 344 70 16 81 14,202 | 4851 339 7 189 5,386 19,588
1987| 8,653 19 346 1,030 1,565 2,198 308 89 365 21 87 14,681 861 114 21 119 1,115 15,796
1988 3,583 18 241 1,190 907 843 403 32 108 197 234 197 7,953 923 81 4 447 1 1,456 9,409
1989 6,077 89 440 1,025 754 748 204 71 205 259 319 259 10,450 1,046 65 70 57 0 1,238 11,688
1990 2,834 125 396 1,291 536 716 351 132 189 149 305 149 7,174 1,380 165 40 50 0 1,635 8,809
1991 4336 4421 285 2,168 286 1,485 340 265 342 - 107 - 14,035 410 11 57 9 0 487 14,522
1992 4255 2387 573 908 166 1,208 986 288 464 73 3073 11,385 1,928 128 93 0 0 2,149 13,534
1993] 5,156 1,102 857 534 129 848 263 40 471 1 4 9,404 580 103 114 0 0 797 10,201
1994 7,345 564 1,138 3,427 162 1,158 301 50 559 - 14,705 906 160 24 63 2 1,155 15,860
1995( 5334 12,009 769 4,618 270 1,859 225 821 335 2 26,242 689 49 166 10 0 914 27,156
1996 5540 1,798 978 3,203 94 1,149 276 102 956 - 14,097 | 4,523 70 30| 3,700 0 8,323 22,420
1997 6,137 5862 1383 2,634 34 803 379 | 1.054 1,814 - 20,101 2,240 85 90 367 0 2,782 22,883
1998 2,715 2269 1,260 2,550 85 874 238 188 1,910 - 12,089 1,771 271 213 1 0 2,256 14,345
1999 11,619 3,863 1,155 3,164 35 1,097 150 256 3,089 - 24,428 184 85 397 2,369 35 3,070 27,498
2000| 8,193 6,802 1,005 4,367 102 1,125 271 794 0 2,780 2 25,440 693 61 220 | 3,025 103 4,102 29,542
2001) 3,139 3912 1,004 3,124 180 1,366 457 995 10 1,839 104 16,130 149 47 226 863 0 1,285 17,415
2002| 4171 4359 889 2,422 99 1011 590 674 1 1,523 4 15,743 50 12 348 | 1,708 6 2,124 17,867
2003 945 4,850 1,230 1,695 44 841 710 | 1,591 0 1,863 21 13,790 22 17 229 3211 46 3,525 28 17,342
2004 | 4,792 2,218 1,311 2,067 132 896 1,091 636 0 1,714 14,857 0 11 34| 8,880 11 8,936 27 23,820
2005| 3,927 6,249 1,824 3,382 549 4,595 725 | 1,476 1,368 24,094 201 5 79| 4,488 4,773 14 28,881
2006* 3,780 3,317 1,037 1,445 108 2,907 697 | 1,007 1,148 15,447 0 1 96 9,706 9.803 57 25,306

* Preliminary for 2006
** Catch statistics of Korea derived from Japanese Import statistics for 1982-1999, and 2005-2006 as minimum estimates.
*** The troll catch for farming estimating 10 - 20 mt since 2000, is excluded.

**x% Catches of Chainese Taipei's longline for 2005 and 2006 are preliminary.

**kxx% Other countries include NZ, AUS, Cooks, and so on. Catches derived from Japanese Imort Statistics as minimum estimates.
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Fig. 1-1 indicates the distribution of PBF in the Pacific Ocean for the species (Collete
and Nauen 1983). (Adapted from Chen Kuo-Shu)
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Fig. 1-2 Yearly changes of Pacific bluefin tuna catches by Japanese fleet and by fisheries.
(From H. Yamada 2007)
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Pacific bluefin tuna Thunnus orientalis Temmincks and Schlegel 1844 is a highly
migratory species, distributing over the Pacific Ocean.' This species is among the quality
tunas with high economic values and has been historically exploited mainly by Japanese,
USA, Mexican, and Taiwanese fleets. Catches were taken about 10% by Taiwanese fleet
after 19997 particularly the individuals caught are all giant spawners.”* Taiwanese
small-scale longliners (vessels less than 100 GRT) target the stock in the southwestern
North Pacific from late April through June. Because of significant catch on spawners,
any assessment for this stock should include data from Taiwanese fleet.

Many studies and reports were issued to describe the stock status of the Pacific
bluefin tuna during the past two decades, however, other than biological studies, the
stock assessment was very few with the abundance index derived from Japanese fleets
and purse seiners in the eastern Pacific Ocean.” For this species are exposed to
multi-fisheries over most of a wide fishery space extent, historical statistics from
different fishing parties should be very essential to indicate its different population
patterns. To assess and propose a management measures for the Pacific bluefin tuna, thus,
catch and effort data collection as well as developing a reliable abundance index to
represent the spawning stock are urged for Taiwanese fishery. Therefore, the objective of
the study was to model a time series catch per unit effort (CPUE) that can be used as an
index of abundance for the Taiwanese fishery from 1999 to 2004.

Daily catch data from auction records and time records of vessels in-and-out
which can trace the fishing effort of each vessel were collected and compiled at
Tungkang port in which most of bluefin tuna were landed. A data flow diagram
demonstrating the principal data sources, processing and storage of commercial catch
and effort data is shown in Fig. 1. According to interviews with captains for small-scale

longline vessels, about 1,200-1,600 hooks per day can be deployed regardless size of
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vessel. Large vessels can store more fish than small ones and may stay at sea longer.
Fishing effort was then converted from fishing days to number of hooks operated with
assumption of average 1,400 hooks lifted daily. The estimated fishing days were
subtracted two days, because the vessel took about one day from Tungkang port to the
fishing ground and vice versa.

The catch and effort information were summarized in the form of
catch-per-unit-effort (CPUE). Based on the assumption that catch is proportional to the
product of fishing effort and density, the ability to use CPUE as an index of abundance
depends on being able to remove the influences of factors which change fishing
efficiency among vessels and cause differences between trips for the same vessel other
than abundance.” A generalized linear model (GLM)° was applied to remove the
influential factors and, in the present analysis, the available factors for each vessel-trip
compiled in the catch and effort data include year (1999-2004); month (May and June);
size of vessel (3 levels, 10-20 GRT, 20-50 GRT and 50-100 GRT). Considering all
bluefin fisheries from western North Pacific, Taiwanese fishery appears to be a local
fishery with marked fishing season even though the detailed fishing positions are not
available and therefore, spawning bluefin density was assumed to be spatially
homogeneous.

Independent variables considered for GLM are fishing year, month, size of vessel,
and two-way interaction among month and size of vessel, and the dependent variable is
the logarithm of catch per unit effort (InCPUE) assuming a Gaussian error distribution.
To avoid zero CPUE causing failure taking with the logarithmic transformation, a
positive constant value was added to all CPUEs, while maintaining or achieving
normality of the transformed data.” Test runs with different values of constant were

carried out to see which yielded results that are close to the normally distributed
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residuals before choosing the value. The assumption of a GLM is that the relationship
between the expected InCPUE and the independent variables is linear. The full model is,

In(CPUE;, +c)=pu+Y,+ M, +S, + M, x5, +¢&, (1)
where 4 is overall mean, c¢ is a constant that is decided in test runs, Y, is the effect
of year i, M, is the effect of month j, S, is the effect of size of vessel £, M, xS, is

the two-way interaction term between month j and size of vessel &, and ¢, is error

term with N (O, 0'2) . Due to the difficulty of explaining interaction between year factor

and other factors, only interaction between month and size of vessel was considered.
A step-wise analysis of deviance was performed to determine the set of

systematic factors and interactions that significantly explained most of the observed
CPUE variability. The Chi-square ( y*) statistic was used to test the significance of an
additional factor in the model.® Final selection of explanatory factors was conditional on

significance of the y° test and percent change in deviance as each factor is added to the
model. The ln(CPUE + c) was estimated as the least squares means (LS means) of the

factors selected and then back transformed to derive the standardized CPUE. The
analyses were run with the SAS GENMOD and GLM procedures (SAS Inst. Inc.).

Figure 2 illustrates the normality of residuals from the transformed data by
adding different constant values. The normality was visually diagnosed by comparing
quantile of residuals with the 45 degree reference line on the Q-Q plot, indicating that the
Q-Q plot derived by adding 1 or 0.01 as a constant departed from the line more than that
by adding 0.1 or 10% of overall mean. More specifically, the Q-Q plot for the data with
0.01 constant departed from the left of the reference line resulting in negatively skewed
distribution, whereas the Q-Q plot for the data with 1 constant departed at the right as the

normal quantiles increased resulting in positively skewed distribution (left panel of Fig.
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5). These data suggest that both 0.1 and 10% of overall mean as a constant capture the
normality of residuals, but the value of 0.1 shows better fit of data at the right side than
10% of overall mean.

Results of deviance estimated from step-wise regression are presented in Table 1

indicating that factors of year, month, and the size of the vessel were significant for y’

test (Pr( > )<0.0001). Among these factors, year or month explained over 5% of

deviance, whereas size of vessel explained 1% of deviance. Therefore, factors of year,
month, and size of vessel were selected into GLM. The result of ANOVA is shown in
Table 2.

Estimated CPUE by GLM is illustrated in Figure 3. Annual abundance index
sharply declined from 0.46 fish per 1,000 hooks in 1999 to 0.14 fish per 1,000 hooks in
2002, and remained constant at 0.2 fish per 1,000 hooks in 2003 and 2004.

The process attempts to remove most of the annual variation in the data that do
not attribute to changes in abundance and the annual index reflects population abundance.
In this study, the selected factors explained about 20% of variance of the data (Table 1)
and explanatory power of the model (R?) were 0.2 (Table 2). Maunder and Punt’
indicated that the explanatory power is not always satisfactory and it can be increased by
involving in more explanatory variables. Accordingly, the explained variation is not the
absolute quantity to judge the reliability of index of abundance. Instead, it is more
important to consider whether the time series of abundance index accurately reflects
changes in catchability and fisheries. First, declined catches from the longline fisheries”
consists with our result shown in Fig. 3, which is low abundance of bluefin tuna in 2002.
Second, abundance indices of spawning fish caught by Japanese costal longliners also
declined from 1999 to 2002.> Third, declined abundance are consistent with falling

spawning stock biomass after mid of 1990s.”> Therefore, it was concluded that the
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standardized CPUE in this study is a useful abundance index for spawning bluefin tuna
targeted by Taiwanese small-scale longline fishery.

The rapid development of the Taiwanese small-scale longline fishery targeting
spawning stock brought about high fishing pressure on the large bluefin in recent ten
years. Taking into account the size specific seasonality of fishery target spawning bluefin
tuna by Taiwanese longliners, the index of abundance estimated in the present study

could provide important information to advance future stock assessment.
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Figure captions

Fig. 1 Data flow diagram of Taiwanese longline fishery targeting Pacific bluefin tuna
showing data sources (the top of the diagram), processing (in the middle of the
diagram) and flowing into the catch and effort database, where arrows indicate
the direction of data flow. 7; and 7> represent date of auction and
disembarkation time, respectively and the time difference (7;-7><3) is in need
of quality of fish meat.

Fig. 2 The Q-Q plots of residuals of transformed data by adding different constant
values (0.01, 0.1, 1, and 10% of overall mean) to the observations from GLM
against the corresponding quantiles of a standard normal distribution, where mu
and sigma represent mean and standard deviance of residuals of transformed
data, respectively.

Fig. 3 Estimated and observed CPUE of Pacific bluefin tuna targeted by Taiwanese

longline fishery. The lines represent 1 standard error.
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Fig. 2

Residuals

1.0 15

05

0.0

-0.5

Normal parameters

Sigma

0
1.433959

Constant=0.01

Normal parameters

Sigma

0
0.828223

Constant= 0.1

Normal parameters

Sigma

0
0.304053

Constant=1

-3

Normal parameters

0
1.003785

Constant=10%
of overall mean

T
2

Normal Quantiles

24

T
2



Fig. 3
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Table 1 Analysis of deviance table of explanatory variables in GLM. Percentages of
deviance refer to the percentages of change in deviance divided by deviance in
previous model, and Pr( y* ) values indicate the 5% Chi-square probability between

consecutive models.

Model DF  Deviance Change deviance % of deviance Pr(y’)

Intercept 3189  2748.70 <0.0001
Y 3184  2508.26 240.44 8.75 <0.0001
Y+M 3183  2210.19 298.07 11.88 <0.0001
Y+M+S 3181 2187.51 22.68 1.03 <0.0001
Y+M+S+MxS 3179 2187.27 0.24 0.01 0.8412
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Table 2 Analysis of variance (ANOVA) table for the selection model in GLM.

Source DF Type III sum of squares Mean square F-value Pr(F)
Model 8 561.19 70.15 102.01 <0.0001
Error 3181 2187.51 0.69

Corrected Total 3189 2748.70

R’ =0.2042
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Introduction

Pacific bluefin tuna Thunnus orientalis Temmincks and Schlegel 1844 is a highly
migratory species, distributing over the Pacific Ocean (Bayliff, 1994). This species is
among the quality tunas with high economic values and has been historically
exploited mainly by Japanese, USA, Mexican, and Taiwanese fleets. Since 2000,
Japanese fleets, which targeted all the fish sizes around the year, have taken about
66%..USA fleets, which caught almost juveniles, have taken about 2%. Mexican purse
seiners for juveniles have taken about 20%. Taiwanese fleets, which targeted all giant
spawners (Hsu et al., 2000; Chen et al., 2006), have taken bout 10%. Recently, the
state of this stock was evaluated by Food and Agriculture Organization of the United
Nations and the stock was listed in fully exploitation (Maguire et al., 2006). However,
this doesn’t provide estimates of stock status such as relative biomass and its
exploitation rate and reference points.

Biomass dynamic models are one of the simplest analytical methods available
that focuses on the dynamics of the population as a whole. The original method of
assuming equilibrium conditions has been criticized for providing overly optimistic
estimates of optimum effort and maximum sustainable yield and suggestions were
made to abandon the use of the models (Hilborn and Walters, 1992; Haddon, 2001;
Williams and Prager, 2002). The major concerns about fitting these models to
time-series data are that uncertainties and variability are not taken into consideration.
Parameters are point estimates or assumed values are used and uncertainties of
parameters are often ignored or additional analyses are conducted to assess
uncertainties using sensitivity analysis (e.g. Goodyear, 1995), confidence intervals
(e.g. Mohn, 1993) or sampling distributions using re-sampling methods (e.g. Smith et
al., 1993). However, none of these provide integrated analyses to describe unknowns
and parameters in the form of probability for complex model (McAllister and
Kirkwood, 1998). Further uncertainties are associated with how the model handles
observation and process errors. If only observation error explains randomness, then
the population dynamics will be deterministic, population abundance could not be
accurately estimated. If there is only process randomness, then population size would
be estimated perfectly, but ignores the random errors in the observations. In reality,
both types of error almost certainly occur.

In this paper, we simultaneously model both the observation error and the
process error structures for Pacific bluefin tuna using the state-space modeling with a
Bayesian approach. The model incorporates uncertainties about reported catch data in
and abundance indices from the six major fisheries, which were weighted equally

within the model. The attempt is to capture the true uncertainties about quantities of
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interest such as maximum sustainable yield.

Materials and methods
Data used

The building blocks for assessing Pacific bluefin tuna are observations on stock
size and removal and hypothesis (model) of how they relate in time space. Reliable
catch data and indices of abundance are two key inputs for population dynamic
models. We obtained Pacific bluefin tuna harvest data from the International
Scientific Committee on Tuna and Tuna-like Species in the North Pacific Ocean (ISC)
between 1952 and 2006. Abundance indices were available for six major fisheries,
Japanese offshore longliners (1952-2005), Japanese coastal longliners (1994-2005),
Taiwanese coastal longliners (1999-2005), eastern Pacific Ocean purse seiners
(1960-2004), Japanese purse seiners (1981-2004), and Japanese troll fisheries
(1981-2004).

Surplus production models

Biomass dynamic models are one of the simplest analytical methods available
that provide for a full fish stock assessment when the measurements on the fishery
consist of the annual catches and measures of abundance indices for a number of
years are available. The current biomass is related to previous biomass plus term for
surplus production in previous time minus term for catch. The (deterministic) state

equation for the total biomass is

Bz :Bz—l +g(Bt—l)_Ct—1 (1)

where B, is the biomass of the stock that is vulnerable to fishing at the start of year ¢,
C

the overall change in biomass due to growth, recruitment and natural mortality

. 1s the catch during year ¢, and the surplus production function g(B) quantifies

(Ricker, 1975). The surplus production function is assumed to be nonnegative with
g2(0) =g(K)=0,where K is the carrying capacity resulting from the effect of finite

resources in combination with environmental variability, food and space limitations.
The quadratic Schaefer (1954) form of surplus production function is

B,
g(B,,)=rB,, (1 - I;l j (2)
where K is the carrying capacity and r is the intrinsic growth rate of population,

which is the rate of increase at which a population will naturally increase according to

their life history parameters (fecundity, age of maturity, maximum age, and the
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maximum reproductive rate). This function takes its maximum values of 7K/4 when
biomass is half of K. This maximum value is often regarded by management as the
maximum surplus production (MSP).

Surplus production functions are fitted to annual indices of abundance. The index
for each fishery is assumed to vary proportionally to stock biomass with constant
catchability for that fishery. By assuming that abundance indices are correlated
measures of population abundance, the model is able to incorporate multiple indices
by interpreting differences among indices as sampling error. The (deterministic)

observation equation is

I,,=q,B, 3)

where [, is biomass indices for fishery i and ¢, is the catchability coefficient for

fishery i.

General framework for Bayesian stock assessment

The Bayesian approach to stock assessment in general consists of two steps: (i)
constructing a full probability model that consists of a joint probability distribution for
all observable (here the CPUEs) and unobservable quantities (here the biomasses and
model parameters) and (ii) calculating the posterior distribution by conditioning on
the observed data, i.e. the conditional probability distribution of the unobservable
quantities of interest, given the observed data.

In the first step, the joint probability density p(Y,®) of the observations
Y =(y,,....,yy) and the unobservable quantities, state spaces,® =(6,,...6,) can be

written as the product of two densities, referred to as the prior density p(®) and the

sampling density or likelihood function p(Y |®) :

p(Y,0) = p(©)p(Y|©) (4)
In the second step, parameter estimation is a procedure of updating the prior
distribution p(®), which describes the uncertainty about the parameter values prior to

seeing the data, to the posterior distribution p(®|Y ), which describes the uncertainty

about the parameter values after seeing the data. This is accomplished by an

application of Bayes’ theorem (Bayes, 1763), which combines the information

contained in the data via the likelihood function p(Y |®) with the prior p(©).
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p@©)p(¥|®)  p(©)p(Y|O)
p(Y) [ p(®)p(Y|©)de

p(O)Y) = o« p(©)p(Y|O®) (5)

, where p(Y) is a normalization constant, which involved in formidable

high-dimensional integration for state-spaces ® . Bayesian inference entails the
evaluation of various summaries of a specific component €., such as moments and

quantiles. This requires integration, with respect to @, of the joint posterior p(®|Y ).

These integrals are evaluated via Markov chain Monte Carlo (MCMC) methods
(Gilks et al. 1996), which Monte Carlo simulation from a Markov chain that is
constructed whose stationary distribution is the joint posterior distribution. After
running sufficiently long Markov chain to find the region of the state space with the
highest density and burning-in pre-convergence values, one obtains (correlated)
samples from the posterior distribution. Then the histogram of samples is used as an
approximation.

The Gibbs sampling (Geman and Geman, 1984) is a specific MCMC method for

sampling from the joint posterior distribution, p(6,,6,,...,6,|Y), where © =(6,,...6,)
are the unknowns and Y denotes the observables. Given an arbitrary set of starting
vector @ =(9",...,0'”), the algorithm proceeds by sampling from the each of the

full conditional posteriors as follows:

Simulate 6 ~ p(6/6:".....6.",Y)

Simulate 6" ~ p(6,6,".6;"....0,".Y)

Simulate 8" ~ p(8,|0"....,6""

n-1°

Y)

We obtain an updated vector @' =(#),...,8)) and start the procedures again by

using previous vector to get 6°. Repeat m iterations until convergence, this yields

0" =(6™,...,0") . Thus, this defines a Markov chain with transition kernel

i+1

kO™,0" ) =TT O™ [0".....07.607",....0" ", 7)
i=1

which depend on the previous draw 6" and converges to the joint posterior as its
stationary distribution.
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State-space modeling of biomass dynamics using a Bayesian approach

A Bayesian state-space formulation of the Schaefer surplus production model
was developed by Millar and Meyer (2000) and an extension of their model forms the
basis for biomass dynamics analyses of Pacific bluefin tuna. The model includes
observation errors in indices of abundance and process errors between model-derived
biomass and the true biomass. The model also takes into account uncertainties in
catch data and estimates biomass from the six primary fisheries. There are 54 years of
indices of abundance data and catch biomass (1952-2005). In the model, the years are

sequentially named from yearl for 1952 to year 54 for 2005.

Modeling

The Bayesian surplus production (BSP) model uses a re-parameterized form of the
Schaefer surplus production model (equ. 2). Re-parameterization was carried out to
increase the Markov chain mixing speed and to reduce parameter correlations (Gill,

2002). The re-parameterized form relates the fraction of carrying capacity
(P, = B,/K) to intrinsic growth rate, carrying capacity, and the catch time series. The

expected Ist is calculated as:

A

P =1 forr=1

~ C
B =P, ,+rF (1-F_)- ]? for t>2 (6)

Index for each fishery is assumed to be proportional to stock biomass with constant

catchability for each fishery, i, proportionality assumption. The expected IAU. for

each fishery is calculated as:
I, =qKP (7)

where ¢, is the catchability coefficient for each fishery. These relationships are the
basis of the state equations for the state-space model, which errors exist between
expected CPUE and observed CPUE and between model-derived biomass and true
biomass. Both error structures are assumed to follow a lognormal distribution. The

stochastic forms of the process and observation equations then become:

log(P) = log(P,) + 1,
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log(,,) =log(l,,)+v,, (8)

where g, and v, are independent and identically normal distributed N (0,0°) and

N(0,7})random variables, respectively. Abundance indices were weighted equally

within the model.

Uncertainties about true catches

Errors of catch biomass are likely made from various sources of catch estimation
and raised catch values etc. Reported catch biomass were likely measured with error
but were unbiased. Therefore to incorporate this uncertainty, we modeled the true
catch for entire time series using a uniform distribution with a 10% coefficient of

variation to describe variability of reported catch.

C, ~uniform[(C, -, ),(C, + 0] 9)

where C, and CA’t are the true and reported catches in year ¢ and o, (=10% é’,) 1s

the standard deviation for the true catch in year ¢.

The likelihood

Due to v,,is assumed to be normal distributions with parameters 7, the 1,,

then follow lognormal distributions by the equation 8.

Given 1, the likelihood for 1,, is

A 2
log({,.)—log(Z, .
L) Jzi exp_( g ,,,>2TZ e(l,)) 0)
7T, ;

Specifying prior distribution
The Bayesian analysis requires prior probability distributions for each of the

model parameters. There are 69 unknowns in the model: r, K, o°,6 catchability
coefficients ( g, : i = JPOFFLL,JPCOLL, TWCOLL, EPOPS,JPPS and JPTL ),6

observation errors ( z'iz :i=JPOFFLL,JPCOLL,TWCOLL, EPOPS,JPPS and JPTL )
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and 54 ratios of biomass to the carrying capacity (P, :1 <7 <54).

The joint prior density p(K, r,0°,q,,7},P) is obtained from the prior p(K, r,

i 27t

c’,q,;,7;) and the distribution of (P, |K,r,0° ) determined from the state equation

(equ. 6),

K,r,c%)

p(K,r,0,q,7},P)=p(K,r,c%,q,t})p( P,

1

54
=p(K.r.o*.q,.72) p(RloH ] pB|P..Kro®) (D)
t=2

which p(P|P_,,K,r,c?) terms are implicitly conditioning on the catches C,.

For simplicity, it will be assumed that each if the parameters is mutually

independent in the joint prior density of (K, ,6*,q,,7;). Therefore, priors for each of

the parameters can be constructed independently

p(K,r,0?,q,t)= p(K) p(r) p(c?) p(q;) p(z}) (12)

where p(K), p(r), p(¢?), p(q,),and p(z}) are the prior for the parameter value K,

2 2
r,o”,q,,andz; .

K — carrying capacity

A prior distribution for K that is fully no informative because there is no previous
work on production model for Pacific bluefin tuna and carrying capacity is
stock-specific, which means that values for other related species might not be
incorporated.

Thus, the prior for K can be regarded as scale parameters and a no informative
prior is therefore uniform on log scale, K~uniform[log(33),1og(500)] (in thousands of
tons). The lowest bound is approximately equal to the largest observed catch in the
time series and the upper bound is arbitrary but specified to the largest biomass
estimated from virtual population analysis (ISC, 2006). All values greater than or
equal to the lower bound and less than or equal to the upper bound have an equal
probability. The log scale was set so as to avoid implausibly large posterior expected

values for K when there is little information in data about K.
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r — intrinsic growth rate of population
A prior for r that is non-informative would be restricted to r~uniform [0.01, 1],

where the lower and upper bounds are considered to be very small and large values

for r for tuna, respectively.

o’ and 7] — process error variance and observation error variance

Conjugate priors can be constructed for the process error variance o’ and the

observation error variance 7. in the normal models and therefore, their posterior

distributions follow the same parametric form as the priors (Appendix A). An inverse
gamma distribution with parameters « (>0) and # (>0) was specified for the prior of

both o® and 7. The inverse gamma specification is articulated from the gamma

statements through convention of specifying precisions instead of variances in normal
specification. Carlin and Louis (2001) suggest solving the moment equations for o

and f using empirical mean and standard deviation as follows.

The first and second moments for the inverse gamma distribution are:

,uzi,for a>1

a-—1
2

§i= 'Bz , for a>2
(-1 (a-2)
Then,
2

A +2

2
S

ﬂ:ﬂ(ﬂ—jﬂj
S

A vague inverse gamma prior with high standard deviation was chosen and mean
was set to be equal to its standard deviation so as to the fraction s’ / s* is unity.
Thus, a vague inverse gamma distribution with mean and standard deviation equal to
50 was chosen so that « is 3 and £ is 100. The inverse gamma specification is
articulated from the gamma statements through convention of specifying precisions
instead of variances in normal specification. For example, the variance for a normal
distribution follows inverse gamma distribution with parameters « (>0) and £ (>0)
and then its precisions (1/variance) is a gamma distribution with parameters « and

S, which can be calculated through transformation (Casella and Berger, 2002).
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g, — catchability for each fishery
There was no information available that could be used to develop an informative

prior for catchability coefficient for each fishery. Therefore, a uniform prior was
chosen for ¢, on log scale, g,~uniform[log(10~),log(10%)]. The quantity log(q,)

can be regarded as an intercept term in the observation-error model (Kass and
Wasserman, 1996).

Sampling from the posterior distribution

In order to construct a posterior probability density function of model input
parameter, the steps referred to the Bayesian estimation are described as follows. In
the first step, the joint posterior probability density was the product of the prior
density and likelihood of the data.

54
p(K, r’o-27qwz-i2’13t ‘It,i )oc p(K, r’o-2’Qi’z—i2’I)t)HL([t,i Pt’qi’Tiz)
r=1

P.q,7))  (13)

54 54

=p(K,r,0%,4,,7)) p( B o) [] p(P|P. . Ko o®) T] LU,
t=2 t=1

In the second step, the Gibbs sampler was used to sample from the joint posterior

density (equ. 13). This requires each of the univariate full conditional posterior

densities for all 69 unobservable in the model to be sampled in turn. The full

condition posterior density of a certain parameter €, can be constructed from the

joint posterior of ® by extracting the terms that involve 6, (Appendix B). The
other terms in the posterior simply are regarded as the normalizing constant.

We performed 100, 000 cycles of the Gibbs sampler and the results of the first
5,000 cycles were discarded as a burn-in period. For the remaining 95,000 cycles,
every 10th observation was thinned (saved) to avoid highly correlated values, which
yielded a final chain of length 9,500. Convergence of the simulations was tested using
the Geweke test (1992), the Heidelberger and Welch test (1983), the Rftery and Lewis
(1992) from the package BOA (“Bayesian Output Analysis”) (Smith 2005) of R
software (R Development Core Team 2004).

Results
Empirical tests and graphical diagnostics for convergence were calculated for the

states P, and P,, and the parameters K, r,q,,0°, andz; using the BOA package
from R. All chains passed the Heidelberger and Welch stationarity and halfwidth test.
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The Raftery and Lewis convergence diagnostics confirmed that the thinning of the
chain, burn-in period, and the number of iterations were sufficient. Lags and
autocorrelations within each parameter chain were reasonably low. Geweke’s Z scores
do not fall within the extreme tails of a standard normal distribution, suggesting that
the chain fully converged. Trace plots and running mean from the end of the burn-in
period are shown in Fig. 1. All parameters and the states appear to be stable in the
trace plots of path of the Gibbs sampler runs and have settled into a stable running
mean. All together, the tests and graphical diagnostics showed no evidence against
convergence.

Kernel estimates for the marginal posterior densities for the above unknowns are
demonstrated in Fig. 2. Summary statistics including mean, standard deviation, and 25,
50, and 75% quantiles are given in Table 1. As can be seen from the kernel density

plots in Fig. 2, the posterior distributions show single mode and become sharper than

priors distributions for K, 7, and ¢, with the uniform priors and o’ andz] with the

vague inverse gamma priors.

There are considerable correlations between parameters of K, r, g, ando?,

whereas the correlations between the other parameters are low (Table 2). Correlations

among ¢, are higher than those between parameters of K, r, g,ando’ whereas

correlations among 7] are low. This implies that abundance indices are correlated

measures of population abundance and the difference among them is mainly from
sampling error.

The posterior distributions showed that most of the observation error variances
(7?) are substantially larger than the process error variance (o’) except for the
Japanese coastal longliners (Table 1, Fig. 2). The higher posterior densities on the
observation error variances correspond to more variability in the data than in the
dynamics model.

The posterior distribution of the maximum surplus production MSP has a mean
of 25.01%6.976 (thousand tons). The biomass that could produce maximum surplus
production was estimated as 214.05 (thousand tons) which is the half of the estimated
mean of K (Table 1). The posterior medians and uncertainties of the biomasses were
shown in Fig. 3. Estimated medians vary from 60 to 500 thousand tons over the
period from 1952 to 2005. The biomasses after 1980°s are more likely lower than
2.5% quantile of biomass at maximum surplus production in which 75% quantile of

biomass exceed the 2.5% threshold for several years. It is also noted that biomass tend
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to increase in recent years. As for the forecast, the surplus production model predicts a
biomass with posterior mean equal to 116.8 % 57.22 for the following year 2006.

The posterior medians and uncertainties of the exploitation rate (catch/biomass)
were shown in Fig. 4. The exploitation rates prior to 1970 are relatively low, whereas
those after 1970 fluctuate over 2.5% quantile of exploitation rate at maximum surplus
production. The situation is severe in the beginning of 1980s and in recent years
probably due to the commencement of the surface fisheries and the longliners (Fig. 5).

A comparison between the observed CPUEs and the posterior predictive
distribution of the CPUEs was made by overlaying the 95% posterior predictive
intervals for CPUEs onto a plot of the observed CPUEs (Fig. 5). Predicted CPUEs do
not follow strictly the observed CPUEs. In particular, poorly prediction were found in
the early years for the Japanese offshore longliners resulting in large observation error
variance with high standard deviation (Table 1 and Fig. 2). It might imply that
catchability is not constant over the time period for the Japanese offshore longliners.
Outliners are detected for others fisheries but most of the 95% predicted CPUEs
overlaid by the observed CPUEs.

Discussion

This paper has presented a fully specified stochastic population dynamics for
Pacific bluefin tuna containing both deterministic equations and the assumption about
randomness. This is accomplished using a Bayesian approach to statistical inference
via the Gibbs sampler and unrealistic assumptions made by the original population
were overcome. The harvest was not assumed to equal surplus production (Quinn and
Deriso, 1999) and the parameters were not assumed to be constant. This allows us to
build hierarchical models with random-effect, handle arbitrary distributional
assumptions for priors, and simultaneously estimate process and observation error.
Further extension on stochastic historical catches was also considered because the
catch figures usually provide the mean of catches.

A Bayesian stock assessment requires prior knowledge of various parameters to
be incorporated into the analysis and careful consideration of the choice of prior (Punt
and Hilborn, 1997; 2001). In the surplus production model, all parameters are defined
on the positive real number and thus the lognormal, gamma and uniform distributions
that include the positive are appropriate. Informative prior can be referred to similar
stocks, but this is not the case for Pacific bluefin tuna because there is little
information about parameters ¢, r andK for similar species. Walters and Ludwig
(1994) and McAllister and Kirkwood (1998) point out that use of precise informative
priors in a stock assessment can result in over-confident conclusions and neglect of

potential biases. These have led us to use of non-informative priors for these
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parameters (uniform on log scale). Gelman et al. (1995) recommended using vaguely
informative priors to allow the data to have more weight in shaping the posterior
distribution. Accordingly, we formulated vague inverse gamma distributions for the
process and observation error variances. The posterior distributions for these key
parameters showed sharper distributions than uniform and vague inverse gamma prior
distributions (Fig. 2). This implies that the prior loses its influence on the shape of the
posterior and data are informative. The choice of priors seems to be reasonable in the
present study.

The Bayesian state—space model improves on the two estimators, the observation
error estimator and process error estimator. The observation error estimator includes
the observation error but ignores the process error, whereas the process error estimator
includes the process error but disregards the observation error. In the Bayesian
analysis, measurement and process errors are clearly separated and the precision of
error variance estimates can be assessed in detail from the posterior densities (Fig. 2).
Hilborn and Walters (1992) and Polacheck et al. (1993) found that the process error
estimator produces less reliable estimates than the observation error estimator, which
is generally regarded to be the best approach when only one error structure is
considered. Our study indicates that the observation error variances excluding the
Japanese coastal longliners are larger than the process error for modeling Pacific
bluefin tuna population using the biomass dynamic model (Table 1). The prediction of
CPUEs for Japanese coastal longliners was superior to those for others fisheries,
resulting in a small observation error variance. These findings may suggest that when
more than one index was used in the models, the observation errors should be

incorporated into modeling to produce reliable parameter estimates.
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Appendix A. Conjugate inverse gamma prior

The process error is assumed to follow a normal distribution with zero mean and
process error variance, that is 1, ~ N(0,07).

Given a vector u of n iid observations, the likelihood function is:

s
o 20° <

p(] &) o ( 2>2exp(— 1 Zﬂj

(02> exp[— 2(172 3 (log(P) - log(f’,))zj

=1
If the prior for o follows an inverse gamma with parameters « and 3, its
probability density function is given by:
A" ( 2y ( p j
a,p)=——\c exp| ——
p) F(a)( ) P o’
where a>0, £>0.

p(c?

The posterior probability density was the product of the prior density and
likelihood of the data.

p(o”| w) < p(4 67) p(o?|a. B)

n n

A\ ’ —(a+1
=(0'2)_5 exp[— 2;2 Z(log(P,)—log(P, )) ] 'B—(Gz) e exp(— %)

=1 ['(a)
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Then,

S (log(P) - log(B)f
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Appendix B. Full conditional distributions for the model parameters

Full conditional posterior density of P, =2,...,53

PCB|R s Py B Py 1, Ko 00 g, 7))
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A2 N 5 )
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where P

> is:

A

P =1 for=1

. C
P=F,+rP (1-F_)- [t; for 1>2

A

and [, is:
i i q[KR
Similar expressions are obtained for F and P,, by omitting respective terms,

which are proportional to p(Pl‘az) and p(P54|P53 , K, r,6%) p( Is4’i|P54 4,70,

respectively.

Full conditional posterior density of K :
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54
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o p(r) exp(— 21 > [log(P) - 10g(p,))2j

t=2

1 1 54 A 2
* exp[— - Z(log(P,)—log(P, )) )

t=2

Full conditional posterior density of ¢,

54
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1 1 54 A 2
e ‘2—22(10g<1f,,-> ~tog(/,,)
i i t=1

Full conditional posterior density of o and 7}

Since we use a conjugate inverse gamma prior for o> with parameters « and
/3, their full condition posterior density is inverse gamma with parameters «' and

S (Appendix A).

p(02|R A, K, r,q,, 1} )~inv.gamma(a', B')
’ n ’ 1 < A )2
where o/=a+2 and =ﬂ+52(1og(g)—1og(g)) for n=54.
t=1

Similar calculation can be obtained for z;.

47



Fig. 1. Trace plots (left panel) and running means (right panel) of the MCMC

simulations for carrying capacity K, intrinsic growth rate of population r, process

error variance o, depletion in year 1 P, depletion in year in year 54 P,,,

catchability ¢ and observation error variance ¢’ for six fisheries, Japanese

offshore longliners, Japanese coastal longliners, Taiwanese coastal longliners,

Japanese purse seiners, purse seiners in eastern Pacific Ocean, and Japanese troll.
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Fig. 2. Kernel densities estimates of the MCMC simulations for carrying capacity K,

intrinsic growth rate of population 7, process error variance s, depletion in year 1

P, depletion in year in year 54 P, catchability ¢ and observation error variance

2

7~ for six fisheries, Japanese offshore longliners, Japanese coastal longliners,

Taiwanese coastal longliners, Japanese purse seiners, purse seiners in eastern Pacific

Ocean, and Japanese troll.
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Fig. 3. Posterior median, 25% and 75% quantiles of annual biomass of Pacific bluefin
tuna (1952-2005) obtained from the MCMC simulations using the Bayesian
state-space approach to parameter estimation in the surplus production model. Dotted
line indicates posterior 2.5% and 97.5% quantiles of biomass at maximum surplus
production (BMSP).
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Fig. 4. Posterior median, 25% and 75% quantiles of exploitation rate (catch/biomass)
of Pacific bluefin tuna (1952-2005) obtained from the MCMC simulations using the
Bayesian state-space approach to parameter estimation in the surplus production
model. Dotted line indicates posterior 2.5% and 97.5% quantiles of exploitation rate

at maximum surplus production (HMSP).

06 — 2%
—o——median
75%
05 | - -n--- HMSP 2.5% lower bounds
------- HMSP 97.5% upper bounds

04

03

02

0.1

Exploitation rate (catch/biomass)

O \\ L \ | \ L L L
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

53



Fig. 5. Observed CPUEs and posterior means of the predicted CPUEs for Pacific
bluefin tuna (1952-2005) obtained from MCMC samples using the Bayesian

state-space approach to parameter estimation in the surplus production model.
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Table 1. Summary for sample size of 9,500 from posterior density.

Parameter Mean SD 25% Median 75%

P1 1.182 0.2588 1.004 1.148 1.322

P54 0.3034 0.0974 0.2385 0.2936 0.3586
K (1,000’s t) 428.1 58.34 395.5 442 474.6

r 0.2375 0.07083 0.1865 0.231 0.2814
MSP 25.01 6.976 19.96 24.4 29.44

o’ 0.04894 0.02186 0.03421 0.04623 0.06074
q iporrFLL 0.000476 0.000142 0.000377 0.000457 0.000554
q jpcoLL 0.00327 0.000870 0.002657 0.003188 0.003784
9 rweoLL 0.002344 0.000771 0.001797 0.002239 0.002764
q ipps 1.095 0.3378 0.8519 1.055 1.283

q zrops 0.000179 0.00005 0.000143 0.000173 0.000208
q 11 0.00949 0.002838 0.007454 0.009148 0.01117
TﬁPOFFLL 1.668 0.4011 1.384 1.617 1.899
TfPCOLL 0.01557 0.02884 0.003387 0.005898 0.01308
T%WCOLL 0.2232 0.1288 0.1415 0.1998 0.2758
TﬁPPS 0.5692 0.1684 0.4501 0.541 0.6566
T;POPS 0.7444 0.1689 0.6244 0.7224 0.8404
TfPTL 04112 0.1238 0.3239 0.3905 0.4741
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Table 2. Correlation coefficients between the model parameters.

erors  9spcorr  9porrr 4 upps Q1. 9rweoL r ? Tivors  Topcow  Toporrie  Topes Trn Tiwcow
K -0.33 -0.28 -0.38 -0.24 -0.24 -0.24 -0.39 0.09 -0.02 -0.10 -0.21 0.03 0.02 0.05
4q £pops 0.79 0.70 0.72 0.74 0.65 0.58 0.24 0.05 0.09 -0.21 -0.01 0.02 -0.01
9 spcorr 0.69 0.80 0.83 0.80 0.59 0.26 0.06 0.17 -0.20 -0.08 0.00 -0.05
9 jporrLL 0.63 0.64 0.57 0.53 0.16 0.03 0.10 -0.12 -0.02 0.00 -0.02
q 1pps 0.76 0.67 0.56 0.30 0.02 0.04 -0.24 0.00 0.02 0.00
qp11 0.69 0.57 0.30 0.02 0.05 -0.24 -0.02 0.03 0.00
drweort 0.50 0.24 0.05 0.11 -0.17 -0.06 0.01 0.01
r 0.28 0.01 -0.08 -0.08 0.02 0.04 0.07
o’ 0.06 -0.27 -0.32 0.03 0.08 0.18
T2 oops -0.01 -0.05 -0.07 0.01 0.00
T coLL 0.12 -0.06 -0.09 -0.37
T orFLL 0.00 -0.05 -0.07
T 0.02 0.01
Toem 0.05
T weos
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Introduction

The virtual population analysis (VPA) is an important age-structured model using in
the fish population dynamics study. The population size of Pacific bluefin tuna by
using a tuned VPA called VPA-2Box (Porch 2003).

Materials and Methods

Data used

Virtual population analysis needs mainly annual catch at age and abundance index
by fisheries. Those information were Japanese longline fishery, troll fishery, purse
seine fisheries, eastern Pacific Ocean purse seine fishery and Taiwanese longline
fishery (Yamada et al. 2006; Lee and Hsu 2007). The corresponding standardized
catch per unit effort used as abundance index and catch at age for those fisheries are

listed in Appendices I and II.

1. Basic population dynamics
The virtual population analysis (VPA) needs catch at age or number at age of
catch and abundance index for each fishery information. For the number at age
estimation we formulated the equations as:
Ny+1,1 = Rysq
To represent the recruitment in year y + 1. And fortheage 1 <a <m— 2,

_~Ma _M,
Ny+1,a+1 = <Ny,ae 2 - Cy,a) e 2

And the plus group, the abundance in number can be estimated as

Mm—l _Mm—l —_ —

_Mm-1 Mp _Mpy
Ny+1,m = (Ny‘m_le 2 —Cy,m_l)e 2+ (Ny‘me 2 —Cy‘m)e 2

is the

where Ny, us the abundance in number for age ain the year y; R,
recruitment in year y; M, is the instantaneous natural mortality for age a fish; and
Cya 1s the catch at age a inyear y.

2. Recruitment estimation

Assuming that recruitments occur at age 1, then obviously, the recruitment at year y
is only from reproduction from year y — 1, indicating that the reproduction is
affected by the spawning stock biomass in year y — 1. Usually, the Beverton and
Holt stock-recruit relationship (Beverton and Holt 1975) was applied with the yearly

variation, that is

sp cﬁ
O(By_1 Ey—7>

=——=56¢
7 B+BY,
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where B;p is the spawning stock biomass in yeary; a and 3 are the parameters of
the stock-recruit relationship; €, is the yearly variation in year y assuming that
obeys a log-normal distribution with zero mean and standard deviation oy. The
spawning stock biomass and recruits by years can be estimated from the virtual
population analysis.

3. Estimation of spawning stock biomass

The stock’s spawning biomass in year y can be estimated as:

m
B,” = Z fa X W, X Ny
a=1

where W, is the average biomass of individual fish at age a; and f, is the
probability of mature fish at age a.

To estimate the parameters of stock-recruit relationship and to make the parameters
with significantly biological implications, the reparameterization was used (Punt
199?) and the spawning stock biomass under equilibrium and unexploited is KSP,

and defined the steepness is h, then the parameters a and [3 can be parameterized

as:
4hR,
T 5h-1
and
K*P(1 —h)
P="5h—1
For the R; (recruits at the start year), we can define it as:
— K°P
o~ Za2oMar
/lzm Lf,W,e~ Za=oMar + i W m = oM

Thus, a log-normal distribution of the stock-recruit relationship residuals, then the

negative log likelihood function was

—InL = Z Inog +

j=y1
where ¢ is the residual of recruitment in year j and oy is the standard deviation
of logarithm of residuals.
4. Total catch and catch at age estimation
Total catch (C )of avessel f inayear y can be expressed as:

m
Z a+1xC ZWa+1XNya 2 X Sf 2 X F}
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where Wa+1 is the individual weight in kg of a fish in the middle of age a; Cya is

the catch at age a of caught by a vessel f in a year y, and the Cy_a can be
expressed as:

Cla=Sla X Fl x Ny,
and S{,,a is the selectivity of a vessel f in a year y for a fish age a; and F{, is the
catch proportion of fully exploited individual for a vessel f in a year y.
5. Selectivity
A logistic curve was selected for modeling the selectivity for a fishery f to catch a
fish with age a, S&:

1

_(a-af)
1+e &f

St =

where al is the age of 50% selectivity for a fishery f; and & is the steepness of
the logistic selectivity curve.

6. Exploitable biomass

Then exploitable biomass can be estimated by the equation using the natural and
fishing mortality with the weight at the middle age:

Sy a X Ff
=Zwa+1><syaxN e 2 X|11- T

The likelihood function can be used to estimate the corresponding parameters using
standardized abundance indices and catch at age by fisheries. Assuming the
abundance index is obeying log-normal distribution with zero mean and standard
deviationoy, then the observed abundance index of a vessel f in yeary, assuming it
be I§,, with the expected abundance index as T§, then

ES f
If =1 xe%

or
e{, = ln(I}f,) —In (T}f,)
And the expected abundance index can be estimated as:
if = Wi x g x B
where §§ is the expected exploitable stock biomass by vessel f in year y; and gf
is the catchability for the vessel f.
The negative log-likelihood of the catch per unit effort (abundance index) can be

expressed as:
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—]nLcpPue — Z Z[ln(ﬁf) + (S§)2/2(0f)2]
fy

Similarly, the negative log likelihood for catch at age, also assuming as a log-normal

distribution as:
of
—]nLCAA = Z Z z In com
fy a fp{,_a +6
f f Af z f 2
+ (py.a + 6) (ln{py,a + 8} - 1n(py,a + 5)) /Z(Gcom)

For preventing the zero catch being used in the estimation, a 6 =0.01 was set. The

proportion of observed catch and expected catch with age a for vessel f in year y

were:
£
pf _ Cya
ya =
YaCla
And
Af
Af _ Cy,a
Pya = Z Cf
a “y,a

And the expected catch can be:
of Ma o f
Cya=Ny.xe 2 xXS§;,XFy

And of,, is the standard deviation of catch for vessel f, which is estimated as:

~ 2
£ _ Zy Za(lnp}f/,a - lnp}f/,a)
com Zy Za 1

Biological parameters used in the VPA runs
1. Natural mortality
According to Bayliff et al (1991) and Yamada et al. (2004) studies, the PBF natural
mortality is high and can be expressed as:
M, as?
Ma = oM + i
a+1

In which the parameters a and 3 were estimated from fitting

a>2

2. Maturity oogive
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Usually the probability of maturity at age was expressed as:

0 for a< A509% maturation
fa ={05 for a= A509% maturation

1 for a> d50% maturation
As well as using in several studies, the asgo, maturation Was set equal to 4.
3. Individual mean weight at age
The individual mean weight was estimated from the von Bertalanffy growth
equation in length (Yukinawa and Yabuta 1967) and the length weight relationship
(Hsu et al. 2000) for the present study.
Consequently, the parameters mentioned above were tabulated in Table 1. And the

estimation of abundance and fishing mortality by age was computed by the program
of VPA-2BOX (Porch 2003).

Results

The virtual population analysis is based on the catch at age and standardized
catch per unit effort by fisheries as abundance indices to tune the abundance
estimation. The data of catch at age by fisheries were listed as appendix I and
depicted in Figure 1. The catch At age shows that ages 0-3 fish were major groups in
the bluefin tuna catch, and particularly, the catches after 1994 were very significant
for age 0 and age 1 fish. Figure 2 indicates that the catches of age 0 were about
40% from 1990, and of age 1 about 30%. Regarding to the selectivity, Figure 3
depicts that the selectivity seemed not very coincident with the catch at age by
fisheries (Appendix I).

Total abundance in number as shown in Figure 4 indicates that there were two
peaked period for the Pacific bluefin tuna from 1960 to 2004, those are 1970s and
1990s, in particular, the total abundance occurred in 1990s, however, a lower
abundance appeared in 1997, and 2000 then after as low as 4.2 million fish, which is
very close to the historical lowest in 1987 about 4.0 million fish. Even the
abundance by ages (Figure 5) and total biomass and spawning stock biomass (Figure
6) were also coincident as the total abundance in number. However, the lowest
biomass occurred in 1969 and the second from 1983 to 1988. The overall biomass
trend (figure 6) seems not very similar to the trend of total number of fish. The later
seems flat in average at 6.0 million for the entire estimated series, but there were an
overall increasing trend in biomass from 1970 to 2004. The inconsistent for recent
estimation between abundance in number and in biomass indicates that recent
catches may have more small sizes than before to make the total biomass increasing.
The fact is evidenced in spawning stock biomass (Figure 6).

To judge this inference, Figure 7 shows the fishing mortality by ages, indicating
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that there were very significantly high fishing mortality for age 0 and age 1 after
1994 similar to the previous stages in some years around 1971, 1976 and 1986. For
the spawning stock, over age 5, the fishing mortality related to this group was high
during the recent decade (Figure 7), especially for ages 8 and older.

To support the high fishing mortality for old aged fish, Figure 8 indicates that
there are two strong year-classes recruited in around 1994 and 2000 and a high
average level recruited (average about 3.5 million fish) during this period. The stock
recruit relationship (Figure 9) shows that the spawning stock biomass was between
10,000 t and 45,000 t and the recruits were between one million fish and 5.3 million
fish except in 1994 (about 8.1 million fish) and in 2000 (about 9.3 million fish). If
not consider the two high recruited level in 1994 and 2000, the spawner and recruits
relationship seems stable during the study period (1960-2004).

The standardized catch per unit effort in using in the present study were shown
in Figures 10-14 with their expected catch per unit effort and residuals for Japanese
far-seas longline fishery (Figure 10), Japanese purse seine fishery (Figure 11),
Japanese troll fishery (Figure 12), Taiwanese small scale longline fishery (figure 13)
and the eastern Pacific purse seine fishery (Figure 14). Those selected abundance
indices can represent the Pacific bluefin tuna stock through the justification of

residuals and expected indices as shown in those figures.

Discussion

Virtual population analysis is one of the most powerful assessment models for
multiple gears fisheries. It uses catch at age by fisheries and standardized catch per
unit effort as abundance indices by fisheries to tune the abundance and fishing
mortality estimation. The virtual population analysis used to assess bluefin tuna in
the North Pacific Ocean were found seldom in the ISC (International Scientific
Committee for the Assessment on Tuna and Tuna-like Species in the North Pacific
Ocean) Pacific Bluefin Tuna Workshop, e.g. Yamada et al. (2006) recently.
Moreover, the studies, unfortunately including the present study, on this issue may
not fully solve the stock status problem for the North Pacific bluefin tuna.

The biological parameters were the first issue to influence the assessment of
Pacific bluefin tuna. The growth equation of Pacific bluefin tuna was developed in
1967 by Yukinawa and Yabuta, using samples from Japanese purse seine fishery.
The largest size used in the growth study was 215 cm FL. However, the sizes in
catch from Japanese and Taiwanese longline fisheries were mostly over 215 cm FL,
then if the equation formulated by Yukinawa and Yabuta (1967) was used, the
estimated catch at age for fish larger than 215 cm may be problematic. Also, the

maturity schedule used was only a inferred value. Due to the great varieties of body

64



sizes and maturity condition in catch by different fisheries, to figure out an useful
maturity schedule is difficult. Although several studies for reproductive biology of
Pacific bluefin tuna have published previously (Chen et al. 2006; and Pers. Comm.
with Dr. Sho Tanaka, professor of Tokai University, Shimizu), the maturity oogive is
still wanted. This work may be achieved by the national cooperation from Japan and
Taiwan, because they are fishing different size groups of Pacific bluefin tuna in
different times and regions. And moreover, the natural mortality used in all the
virtual population analysis was by a theoretical guess. The reality seems needed to
be investigated.

Regarding the abundance indices, there were no candidates to evidence
validation in representing the Pacific bluefin tuna stock (Table 2 in Anonymous
2006). In the present study, 5 standardized catch per unit effort, Japanese far-seas
longline fishery, Japanese coastal longline fishery, Japanese troll fishery, Japanese
purse seine fishery, Taiwanese small scale longline fishery, and purse seine fishery
in the eastern Pacific Ocean were used as abundance indices. To validate those
indices, in the results of the current study (Figures 10-14), the fitting residuals seem
in great outbreak. For further assessment of the stock accurately, the abundance
index study for each fishery may be the most important issue as well as the
collection of catch statistics.

The increasing catches in juveniles for aquaculture and giant spawners for
Sashimi market may result in threatening the stock. The four stocks of bluefin tuna
around the World Ocean, western Atlantic stock, eastern and Mediterranean stock,
North Pacific Ocean stock and southern bluefin tuna stock, are likely to be fully
exploited or possibly over-exploited. The western Atlantic stock is depleted since
early 1980s, and is rebuilding currently; the southern bluefin tuna stock is also in
depletion; the eastern Atlantic and Mediterranean stock 1is obviously in
over-exploited overfishing; Moreover, the North Pacific Ocean stock status is not
well-known, but full exploitation is assured. Therefore, to verify catch data for each
fishery by its corresponding nation is absolutely needed and the stock status can be
clarified after those data are available. Before that, the precautionary action seems in

process as soon as possible.
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Table 1 Biological parameters of bluefin tuna in the North Pacific Ocean.

Parameters (Units) Symbols  Value (Taiwan) Value (Japan)

Length-weight relationship ol 2.3058 x 1075 4.073 x 1075

Length-weight relationship B! 2.9342 2.8344

Asymptotic for length (cm) L2 366.7 320.5

Asymptotic weight (kg) W, 771.6 515.7

Rate of growth (/year) k*2 0.086 0.104

Age at FL = 0 (year) ty2 -0.926 -0.703

Natural mortality (/Year) M;3 M, = 1.60
M, = 0.80
M, = 0.40
M, = 0.25

Seual maturity at age (percent) £ f, =20
f. = 100

*] Weight (kg)=a x FLB, which adopted from Yukinawa and Yabuta (1967) and Hsu
et Al. (2000).

*2 von Bertalanffy growth parameters from Ishizuka (1989) and Wu and Hsu
(2002).

*3 Natural mortality rate at age from Yamada (2003).

*4 Sexual maturity at age from Yorita (1981), Bayliff (1994) and Ishizuka (1994).
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Catch at Age (millions of fish)

“

[ RS R AN R, 2 B W\ Ry A2
TTT T T T it i i AN TT T i r R RN TR TR
O N & © ® O N ¥ © © O N ¥ © ® O N ¥ © © O N =
© © © © © K N N KN KN ©® © ©® ® © & & 0 O ©®© © O O
O OO O 0O O O O O O O 0O O O O 6O O O 6 o O O O O
- - - — - — - — — — — — — — N N N
Year
—o—age 0 —#—age 1 age 2 age 3
—¥—age 4 —@—age 5 —+—age 6 age 7
age 8 age 9 age 10 plus

Figure 1. The catch at age variation of bluefin tuna in North Pacific Ocean from
1960 to 2004.
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Age Distributions

Figure 2. The age composition of bluefin tuna in the North Pacific Ocean from 1960
to 2004.
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Figure 3. The selectivity of all gear combined for fishing bluefin tuna in the North

Pacific Ocean.
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Total Abundance (millions of fish)
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Figure 4. The total number of bluefin tuna in the North Pacific Ocean estimated by
the adaptive virtual population analysis from 1960 to 2004.
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Abundance at Age (millions of fish)
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Figure 5. The estimated abundance at age of bluefin tuna in the North Pacific Ocean
from 1960 to 2004, which was estimated by the adaptive virtual population analysis,

the abundance at age was broken down from total abundance as in Figure 4.
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Figure 6. The total biomass and spawning stock biomass fo bluefin tuna in the North

Pacific Ocean, estimated from the adaptive virtual population analysis from 1960 to
2004.
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Fishing Mortality
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Figure 7. The fishing mortality by ages for bluefin tuna in the North Pacific Ocean
from 1960 to 2004, in which the age-specific fishing mortality was estimated by the

adaptive virtual population analysis.
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Figure 8. The recruits in number estimated from the present analysis for bluefin tuna

in the North Pacific Ocean.
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Spawner and recruits were estimated from the virtual population analysis.
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Figure 10. Time series catch per unit effort of Japanese far-seas longline fishery
(upper panel) with the expected (red curve), the fitting residual was shown as the
lower panel.
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Figure 11. Time series catch per unit effort of Japanese purse seine fishery (upper
panel) with the expected (red curve), the fitting residual was shown as the lower

panel.
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Figure 12. Time series catch per unit effort of Japanese troll fishery (upper panel)
with the expected (red curve), the fitting residual was shown as the lower panel.
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Figure 13. Time series catch per unit effort of Taiwanese small scale longline
fishery (upper panel) with the expected (red curve), the fitting residual was shown as

the lower panel.
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with the expected (red curve) in the eastern Pacific Ocean; the fitting residual was

shown as the lower panel.
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Appendix I. Abundance indices used in the present study, in which Index 1:
Japanese far-sea fishery; Index 2: Japanese coastal longline fishery; Index 3:
Taiwanese small scale longline fishery; Index 4: Eastern Pacific Ocean purse seine

fishery and Index 5: Japanese troll fishery.

year Index 1 Index 2 Index 3 Index 4 Index 5 Index 6

1960 3.11 0.25

1961 2.89 1.13

1962 3.13 1.55

1963 2.77 1.45

1964 2.42 1.22

1965 2.3 0.943

1966 1.79 2.03

1967 1.36 0.281

1968 1.27 0.473

1969 1.32 0.716

1970 -1.37 -0.0373

1971 -2.49 0.792

1972 -1.26 1.36

1973 -1.67 0.422

1974 -0.338 0.0427

1975 -0.738 1.08

1976 -0.914 0.635

1977 0.658 -0.73

1978 2.22 -0.325

1979 1.2 -0.65

1980 -0.145 -1.02

1981 0.0012 -2.12 1.89 0.238
1982 0.248 -0.913 0.194

1983 -0.743 -2.12 1.3 -0.896
1984 -1.9 -2.52 -0.576 1.27
1985 -2.3 -0.124 0.0972 0.137
1986 -2.42 1.14 0.426 -0.455
1987 -1.31 -0.576 -0.149 -0.511
1988 -1.78 -1.27 -1.56 0.581
1989 -3.92 -0.171 0.319 -0.47
1990 -2.07 -0.382 -0.624 0.429
1991 -1.27 -1.14 -0.0328 -0.488
1992 -0.899 0.281 -0.189 -0.784
1993 0.869 -0.817 0.987 -0.709
1994 0.315 -1.27 0.49 1.53
1995 0.183 -1.61 -0.0814 0.0257
1996 0.223 0.974 1.19 0.864
1997 0.322 0.219 -0.0539 -0.559
1998 0.276 -0.576 -1.54 -0.395
1999 0.0417 0.636 -0.325 0.678 0.289
2000 -0.283 0.433 0.828 0.268 -0.298
2001 -0.568 -0.0748 -0.382 -1 0.582
2002 -0.576 -0.55 -0.507 -0.828  -0.00442
2003 -0.0297 -0.219 0.959 -1.05 -0.407
2004 0.0959 -0.225 0.81 -0.153 0.0269
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Appendix II -1. Estimated catch at age (0 — 10+) in number of bluefin tuna in the

North Pacific Ocean by overall fisheries combined. (Data were adopted from

Yamada et al. 2006)
Y Apel Apel Ages Apged :'L_Eeé Apeb .&J\e'b flpe?  AgeB  Aged AEELD THTAL
1962} 1220026 240,793 144,359 3,280 3404 23227 L8472 1126868 11217 2RI5 578 1680089
1953 138LTI0 34157 38332 a.741 3117 3797 27053 15449 13429 4880 1201 438149
1954 1020091 911068 375819 10122 G876 4316% 30130 L5268 5524 l04d 3BE 2444758
1965] 1,712,045 322978 10790 50106 11138 22836 55037 60840 14704 1,636 R73 25473 85
19668 1298394 5100095 V8038 T1464  2TIRE 603 47229 51,859 30322 4455 1,128 2,266,258
1967 999,411 941182 IT6A01 4500% 32000 6802 28735 18743 3LORD 14402 2026 2.379.GL0
1958 933,749 405059 FOL583 42132 IL80 ITGTI 20580 1747 G8TROIL133 AT 2,204,194
1959 440438 164,345 293418 147 28R 58353 66115 41590 R8T ZE81 18RS 829 1,223,702
1960 TG 333 TOHE 31502 T4520  €9212  R3454 21741 30449 1287 1882 1,599,964
1961 AAT7,341 EIR IR4ATE 15076 4839 34364 47439 39069 5540 1,376 1,605 2068759
1962 GLO574 1361444 220,304 647D 5,196 I i2e 38400 4hTa0 19158 1850 aaf bt it N
1963] 1095350 BODSRT  40049) 57510 26793 15087 10424 30514 26571 4511 931 257300%
1964 G90.4A67 1129081 153692 73367 16459  11.8l6 4035 L3668 JHEI0 6,543 L040 2,121,781
1965 417,769 LISOIIT 341,287 11701 218491 17619 B2 12423 44088 18299 1089 20<1004
1966 GLA,7R3 1376606 466,522 162924 342001 10513 2A 4408 ABE0E 2TTR 748 1683387
1967 697,094 TihTlE 153,517 16838 15,256 15,3045 19368 36,649 358 4081 LA1Z 1.T3E.TTO0
1968 S0RA2Z0 938224  I3Z.046 38015 42359 GO8ST 5393 6,004 2211 257TH 2281 18ITAOT
1969 440595 T22.130 TH3D 21479 26R24 L8G4l 14809 A1 1227 92] 1.532 1322811
1970 SL7.ouz 973,144 LA0ART 42,747 15461 6,141 11382 4,180 ®i8 B1& REG 1,723,854
1971 GRLLIY 585193 464,914 47,233 13528 3834 3245 D 1.234 B/TS [LEq} 1.T00,054
1872 TI0E09 1274741 68670 IHAIFE 206089 15060 5,140 4,804 2312 40 LG 2,1:5422
1973 SIATAS 1034995 32I48R 17823 14883 1T.ZTI 180G 5,TES 3190 1438 LI0Y9 2354067
1974 9211REE 913,290 489,112 ZT9IR 105602 4654  197Z1 LZBES 4088 2481 1,578 218,197
1975 104474 LOOR2EY 23082 BTRRD O ITT2L 44855 SA56 6,032 3184 411 B84 1.747.564
1976 504,263 962,513 236,030 107644 36139 17.345 A9 LT Laes 1052 0% LR, 170
1877 BEILLTT 609200 167,945 160497 S6R3U 0 33IF4E 11766 2730 1285 551 409 2006520
1978 951,205 LITE,7R9 122585 17967 1032 9608y 33411 47R1 L0I4 0 JAIE B052 0 2487223
1979 749448 B12.071 HTLEY B1O6T 1REIA 15454 25193 16,712 3962 14854 1,720 2 o i
1980 390192 482874 200987 TH024 19486 13598 8744 200155 4T4E U563 L0210 L2340
1981 345211 380649 TELVBO  20d.34d  JUGI6E 13328 9513 S0 B062 a0 1219 1,767.000
1982 37279 ToTA46 10092 132311 B0405 3T81: 9953 10298 4504 4.9% LIT0 L9ILTSD
1983 428,117 314,781 | LS E. FI i ) 53 B9 5133 3,178 3038 IATE 0 4082 9E5, 78
1954 472008 338,22 200877 34597 986 3,314 e 4,045 2331 L5920 3,045 1,274 858
1985 494,034 A5 114 a60426  BTASD  JUARG 1.363 1367 3.297 2447 2408 LI64 1.558,095
1988 397,325 AET.31S ATA464 BLTON Q9007 72 a241 s | 2353 1816 LART 138 1,871
1987 o] | 347534 1B304G 6UASC 10840 TR 400 2004 1488 LIZY 1,599 41,6949
1988 277364 210,525 126432 55973 10530 3982 3109 et 1268 W 1408 TI4471
1989 ZRO00Z 249494 IBTA64 64307 s742 33M A0T0 2054 a2u A0 1248 713390
1980 418,357 I8T.A44T o 1364l 24650 187 4,316 3140 133 i TED 1349 GI1643
1981 1439585 FIALE 128370 35050 14377 T.TR3 4820 250 1864 1ABR 2307 L5MT3IL
1992 394,449 2E4,201 249932 13808 133028 G090 8255 B8O LA1T 0 1030 LA 1994
1993 0550 TLAZG 410 55428 6158 17158 31252 9,502 1024 2 1AM BLH TUH
1994 IATRIN0 27100 49632 20,052 3TO68 14,107 I3BB3 15819 LU62 Gt 14TS 2414319
1985] 1135886  I50Z46]1 24,353 el Lo 14,087 40598 1882 13627 4642 026 BTI6 STET.TGD
1986 1A03A56 TIEINT 4657 75038 19838 4716 D5TA] BRI 4303 2554 BT 2903435
1987 TUSAS0  1IA353]  iTHISE 873D 5105 1663 5116 16087 4088 3017 4350 LIELIOG
1998|  1508.250 AL ROH DIGE3D 16798 40334 &le] 12,160 8,371 9119 5245 TAIS 2014272
1999| 1563830 BoB I LIWFd BUSTE U426 BTIEN TA19 T4l BTHT O OR233 1T 30075348
2000 3079660 [ A22R1IZ THM B4 15D 14,156 15474 o4le 1845 3054 3883 D50A 4 0ER06 1
2001 3249232 409471 fect e Het R ) 2AlS dau 4551 SART O LITE 18T ATEY  2ANLAID
2002) 1ATREES 1192188 [5H]398 3894 11T RYZE 14537 SU84 6051 4807 B4 2R eUT
2003 DT4,758 FTLUET  274d56 IROSL BZETR RETY ZE3Z 384E 063 3524 4817 14EDAIS
2004] 2450557 105 2Hg 5871 2MB54T7  IZREZ 21460 15500 9030 5411 H.706  B512 200,020
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Appendix I1-2. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna

in the North Pacific Ocean by Japanese purse seine fishery. (Data were adopted from
Yamada et al. 2006)

Agelt Agel Agel 4 el Aped A pol Ageh Apot Apefi  Apel Agel()Total
1952 4] a5 761 5T0 BE6  19.29% 15,116 bR 2377 180 [+ 45,159
1953 23 47 211 141 938 4526 L0924 119R4 914 328 o568 40,894
1964 i 356 1,703 555 i i G.a08 24,181 20,754 1.94] 198 40 54570
1955 L7 1,268 105649 23,573 7035 14,425 I3ALT 52403 & AR 261 TR 132840
1966 i 4 12827 44818 1088 11,508 36,139 39011 3520 1604 200 181543
1957 i 1886 1.262 TAIE  1843T 33447 25,25% 14,383 IRT6I  LETR 281 139,064
1988 1663 2414 11545 23,260 |49 10793 L2615 11905 6T 10,146 BAQ 1e22s
1965 i 4,584 4,55 27,159 47501 31.B17 12871 2,182 1B bt 3T 1334068
196 [ L] RE3 2398 39256 48401 16,254 5,509 350 112 56 112.5%9
1961 i [} 194 1,131 9957 4140 20,838 25,331 24A07 TAZ a36 REHTR
1962 ] 141 1,167 436 318 5753 E3213 344648 13734 LI 9 ALATH
1963 0} ) 2571 80490 9R07 1,185 6343 21498 22585 4403 i 15914
1964 i 0 480 31,9491 4514 534 86 15048  T2407 4877 455 41,121
1965 i o0 146 Taz  1ZE10 3938 3,088 BEEL EOD01R 14487 Y 77,720
1966 1] ¢ BBATH 131598 23,300 424 424 1,271 424 1] ¥ 244,013
1967 143 U 1) ] 2,141 4424 13555 34,539 1,142 a7l 485 35,504
1968 it 0 2B81 17160 27215 328415 3152 3,456 AT 134 268 94385
1969 L9 777 27730 3017 4461 12,144 TRLEZ £48 130 185 389 hT312
1970 l} 38T AaA6d 1299 646] 186 4604 ] U n 39 662l
16871 L] BH4T 22079 17,271 5,199 1,004 1354 3063 418 a1 33 63,210
1972 4] 491 2003 s G565 1.609 2,010 2897 1633 164 aa 443 887
1973 L] 4448 4448 1,868 2822 43 5436 2973 1808 84 178 28548
1974 247 33553 18A,J42 10,608 3,082 hA%d 4.HEY 2736 1677 1026 324 woel
1975 4,487 20108 J3534 19417 6171 L0z LIL& 1,390 254 n i THE35
1976 A5 AT 72685 20253 14654 G, 196 638 5% 98 2 &2 117,393
1977 29083 4974 60221 WO0TE 29240 16,356 hRal T 1 55 a9 243,762
1978 £ a7 14328 91T 11043 60844 20485 5416 DR BXy 1,883 1IRRTS
1979 i 3029 TRO3 43589 11562 11964  ZT.I8Z o081 340 12 31 182 046
1950 1,021 48576 IFEE1L 41838 19160 7,195 2406 13,7306 189 1032 122 2118611
1981 1537 135821 639883 166,961 21 BEE a8 4,046 2020 3087 aTd 148 983855
1982 44855  22TVH0%  ATVIRE I | J1500 U8 TOV 5,025 434 2173 AT E 127 AT2831
1983 &8421 E081T  TEESI 2,830 2,368 G314 803z 1,471 1,065 200 1053 159,140
19684 1,584 RN 1819 048] 5,446 1,957 476 T4 497 647 1018 120010
1985 B0 BO965 211,708 20979 4 R4 1,707 441 137 387 1087 R59 295,982
1986 9008 262479 B15000 pliY=F 13 4,445 1647 24l 244 G658 456 143 4114159
1987 4537 Tashkd 92088 30016 6159 G490 1435 156 128 263 400 eladn
1988 RACHL I ! it TLOBE 193545 26,024 4HG a2z 48 4 [i] 2 139626
1989 3041 26,574 88515 42426 5,024 LM 674 437 B 26 T2 1T0ETT
19GH [ 2826 43444 13,064 5954 2.AR6 2032 i 2 16 11 143,200
1991 150148 T1.TET eaEll L7023 11254 5,243 2,012 BU& 4] i aTe 210,960
1992 3l B3£27  BOERL 6171 lwpzh 5782 4444 1.511 202 Bl 17 162,555
1983 1,086 ] BI6T 22741 G754 15427 24699 i 1.86% {5 105 8,060
1994) 51480 8953 5436 6936 9977 12,721 19458 13436 1850 150 sl 1zamc
1995 36447 1,350 10482 BT L4449 18609 11488 11194 3474 743 172 LR o)
19%6 L] LEWE Fa.3o2 505 LARD [ eri RATO 3,733 1850 530 26 172476
1997 IS.7RZ U BRA82 15120 3065 3508 082 BT 1617 bl 17 160,038
1908 2408 955 48,341 18,195 IZ.192 79859 BILG 3,046 39495 605 0 119847
1999 a.064 258 G058 34360 28T J04E7 311 a7 Hi4e 24N 273 134,60
2 o L] 2LIZ2T 30164 GQA9T 10,397 15003 2211 1079 1.132 516 91,326
2001 113322 0 28,147 3016 TOR 5,560 5,084 4322 353 145 145 165,215
2002 1643 0 2reE 5,797 EME L 700 11,234 3405 881 39 20 39350
2003 il 654 5319 L] 40 1,838 1488 576 L84 Bh 11 14,583
200 14,407 23 1093 1,502 565 3860 GE0]  4URE D076 1817 TA04 9 7R3
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Appendix I1-3. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna
in the Sea of Japan in summer by Japanese purse seine fishery. (Data were adopted
from Yamada et al. 2006)

FY _h_ﬁl) Apel Aged Agel A ged b geS A pef Aﬁo? Aol iﬁg A el 0fTotal
1952 0 0 { 0 U 0 U 1} b ] 0 0
1953 ] 1] 4 0 ] i [ i} o ] ¥ 0
1054 0 0 0 0 0 [ i ] [ ] [ ¥}
19665 i Ll u o ] i i Y 0 0 0 0
1956 0 0 i} 0 L] [H 0 0 { ] { 0
1987 {i i {0 Y 0 0 i 0 H 0 0 U
1958 0 i U u U 0 ] 0 it 0 0 [x}
1949 0 [} U ] ¢ [ [ 4] it 0 il 0
1960 [ 0 [ ¢} o [} it 1] 6 i} 0 0
1961 [H 0 i 4] o [ U 4] it ] it 4]
1962 G u 1] ] 0 4 i ] i} b 1] u
1963 [ (] 1] 0 [ K i 4] O 0 o 0
1964 1] i} it i U 0 i Q i g { U
1965 0 L] i3 1] 4] 0 [ 0 U 0 0 [
1966 [ ] ] 0 [ 0 ] 0 0 o ] 4
1967 0 ) L] 0 0 0 ] i} e o 0 W
1068 L¥] O o a 4] [} 1} 1] i [¥] il ¥
19649 0 {n 4 0 ] i i 0 0 0 0 0
1970 K 0 [ 1} 0 0 1] ¢ o { i) ]
1971 v} t] 0 ] 1] 0 i 4] i 0 [ U
1972 /] 0 i L] 4] 4] 1} 0 0 0 [ 0
1973 L] 0 G [ 0 i i 1} il [ 1] i
1974 0 ] U u ] 0 i v} a 0 0 U
1978 0 t] 1 4] 1] ¥} L (] it 4 0 0
1976 0 Q Ly g Q Q 9 Q b 0 0 0
1977 /] L] L] ] 4] 0 & a [ [ [ {
1978 il o ] f 4] ] 0 i K 4 Q )
197% ] L] i ] 1] 0 o a [ 0 0 ]
1980 0 10 1y 498 A EIE! 425 409 128 53 a8 -
1961 il a7 916 Z506 Jold 24T D044 1AT) 618 259 174 13411
1982 U 71 1377 1506 3,780 3,719 S073 2061 G930 383 6] 20160
1983 i 5 47R 1,253 1214 1292 1068 1,029 323 133 41 Toa7
1984 ] 35 BRI 1,790 1ART6 1,848 1526 1470 487 1940 130 10SHE
1985 0 16 34 g2 Rl R4 TUY 875 “12 RT e | 40495
1986 i 0 0 0 ] 0 U 0 U U 0 0
1987 i 13 048 L] 621 &7l hb4 034 |68 ] 47 633
1988 ] 23 452 1154 1,241 1,221 P a72 303 L2 palal B620
1989 ] 12 o34 G4 #4143 633 523 i 15% L] 44 3432
199 0 0 o [i} ] ] L] G ] [ ¢ 4
148 ] 1O 191 501 524 517 427 411 129 53 36 2800
1992 i 4] 253 3067 531 44 A4 HEE 119 L1y o8 5,205
1993 u 0 163 3574 1451 k! 11 45 = t 15 8023
1994 i o] 10 1.735 TR 207 154 107 36 14 3 LRt
1995 L] a 4 326 416 il G232 158 114 [} 43 BITT
1996 U 0 ¥ 24 T3l 496 2697 398 T I 25 L
1997 i 46 2456 1844 170 210 388 4.5M 369 TR 40 1224
1998 U 143 LRIE 1183 1415 2 38 253 Y bag | 18 4501
199 [ 35 131 L] et 1208 a9 52 217 I87 22 TL4T
2000 /] 1] U 211 vl 3.240 B L) A 131 AR 69 T.TRR
2001 U 4 0 o o6 156 G55 1080 35 31 a8 2206
2002 ] Q U ] 06 444 Gal L EhR 1.717 179 310 191
2003 u ] |iR4 24 1563 801 im3 32 415 5RO 197 TRIR
2004 il o) | 467 20343 DAl Tl 3215 1,624 713 1 A5G ik G B3
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Appendix I1-4. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna
in the Sea of Japan in winter by Japanese purse seine fishery. (Data were adopted
from Yamada et al. 2006)

FY Ageld Apel Aged Agea Aged Agen Ageb égcr Aged  Aged flﬂToml

1962
1963
19564
1955
1956
1967
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1871
1972
1973
1974
1975
1676
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1837
1988
1989 o & 0 ]
1990 20,780 3,724 442 46
1991} 1003958  G27.796 3,448 237
1992) 261665 80,741 2,897 300
1993 113718 26,137 338 29
1994] 141072 36366 2044 222
1996) &0WI233 ZDBLEZG TR08 KTl
1996] 484223 46,865 B0
1997) Z06,123 H98T30 7T 5086
1998| 30397%  I2usel 14616 1)
1999 704836 470436 3.648 3345
2000] 1551300 877,133 3438 342
2001 730847 L1H6T66 3528 ]
2002] 646337 576422 0 o
2003] 408782 451,381 2,780 9l
2004] 1.125.214 JHA837 1,193 23

oo oo oo oo oo oo oo oo oo Do oD

0
250019
1685474
J35TL0S
140227.1
1997127
ZULEETE
3169048
1112738
5483139
1237500
2432413
83914407
1.222.76%
BG4
1,155.268
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Appendix II-5. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna

in the North Pacific Ocean by Japanese longline fishery. (Data were adopted from

Yamada et al. 2006)

FY { Agel Aged Age3 A ged Aged A gofi AppT Bgef  Aged Apeld|Total
13562 9 10 129 4 g2 Ll4s T2 3305 090 715 53 16,730
1963 Q 1] 18 32 52 qE] 3031 4,72 2alu 930 147 1 BIT
1954 3 0 30 ] 143 337 L. 758 TR07T 3053 T 167 15,107
1955 0 o 15 27 52 IRy 447 4059 280 BIH 126 8,124
1956 1] 0 51 102 Hi ity 478 B 4273 1860 4T T
1557 1] 1% 18 B3 133 T3l 1218 JLEh] 2RET  dR] Ti2 9239
1958 1 28 i} 5] 148 160 12991 0,760 4748 1a02 72 1,141 alala
1959 0 4 b s B4% 16735 26,211 6402 785 GR2 236 52,037
lgﬁlll 1] B T8 51 2360 11416 RDI69 14,081 2347 691 T40 54,399
1961 0 Z 17 & BIT G544 6,153 7317 2295 270 148 23571
1962 1] 8 549 55 241 1.332 4,860 b aEd T340 55 116 16,504
1963 0 1 50 96 184 176 2702 BI06 4,468 854 158 16827
1 0 ] et 26 126 44 1214 7357 1,644 B8 182 14855
1965 0 ] £iR 92 1,450 656 B4l 5ART 822 3582 THE 2LRE3

] 211 144 43 #R8 3,064 14632 2641 578 2504 E2E 17,502
v 0 0 238 L&90 2318 5401 1365 2510 3,120 1,142 18,523
el 0 ki) 150 1276 |54 1,588 | 458 1051 Zped 17IE 11,181
53 a7 & 374 RE6 4,080 2,193 B3 862 481 =24 10912
o 32 kT a4 498 1,787 345% 1060 257 161 193 TH8T
0 30 30 89 148 BB 1 IMe LTTR G /s Tl G6E]
4 4,301 4,150 2,048 1562 236 LET) 1271 HBO 25%  BRA 17 07
o 2,003 5,950 LA19 163z 1,823 0405 1 440 TEQ Pt 1%z 19002
0 "9 4,541 1785 1&74 2856 4195 1874 15T BLE 178 19634
0 116 128 485 051 B3 1R0% P3LT i) T 39 6,121
o IR i ) Ga7 1440 izt 475 4RY A0 o i 14781
0 0 182 1163 1536 1,078 941 471 261 108 26 17227
o il 58 13 DI BI1Z6 681 473 242 150 ] 14960
U 81 136 1521 278] 570 2933 2227 1,168 597 4 11,760
0 1,245 1,759 i GT3 605 2004 L7IZ 686 431 161 9,523
0 57 427 TOR %4 513 1,565 Bl 1,019 ki 165 5477
o 1,135 50 64 254 TOo 5] 1815 870 745 =06 7723
34 50 17 0 67 135 042 W 504 8T 135 3178
] 1z 4,422 ) 106 190 508 783 487 517 317 TAUE
21 565 337 B a5 210 LRD 400 337 233 231 3,157
R 21z 268 622 452 519 283 226 o097 137 339 IHTS
4 136 208 251 330 351 545 165 172 a2 265 2,545
f 135 562 548 240 595 612 463 192 142 413 1656
1 300 176 A 46 M3 1,007 500 213 88 a7 4,159
& 123 254 477 561 446 485 548 154 128 123 3,315
3 229 150 ol T8 43 1,683 692 474 e 213 4905
o 127 217 203 687 1094 2,300 1064 624 375 A6 7,199
30 2 EH alfi 187 2629 G, 206 L 281 204 LRG 1140
4 34 19 RE| 166 1,185 44071 1,757 241 116 128 TR4T
4] 237 25 £l 93 2,590 3,327 1 ABi: 89 145 95 8712
a8 327 31 6 54 481 8,159 1682 1,175 02 1403 12647
32 1! 115 116 31 367 22 4,570 1457 407 96 9.720
1 514 oz 104 1% A7l 1056 2318 Z2IUB 430 87 10227
i 35 4q a2 310 1,113 7Tt 1388 L3135 Tad 134 G240
L1 18 44 T4 133 i 3oARR 1.0 1482 L] T BAI2
154 21 & 13 167 A3 2,381 2445 16T 492 246 7.538
KL z 8 o 103 406 2349 193 220 a1 065 B.731
[ 2k 10 16 #4 204 1716 d313 242 1,427 1 SRR
a 382 572 BT B ¢ 14127 CpBZ 1433 987 441 7904
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Appendix I1-6. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna
in the North Pacific Ocean by Japanese pole and line fishery. (Data were adopted
from Yamada et al. 2006)

Iy 4 ged hgel Agel hged A ged Ageb hgal Age¥ Agel Aged  Ageld) [Tots)
1852 1,041,601 B4 61T 1] 4] [H] L] o iH [} i O La126218
1963| 1,063,224 £,030 0 { 1 { 0 H [} 0 O 10680253
1964] BTI0 104108 0 0 & { U L [0 0 0 ROZ2A3%
1965] 1,165,043 0 1] 0 [H 0 o [H [ 1] O L165043
1%66] =s1798 22,5451 i] ] ¢ LY 0 i [ [¥] 0 944,159
1257] S4R46A4 B335 3787 0 [t Lt ] 1 [t 0 Q 66599
I9B8| £59,771 2026 408 0 G LI ) 0 0 0 0 666,587
1859 171,267 I 0 il [ 227 1] ] { ¥ 1] 171,459
1960 183,718 140 47 &8 5 LI} il 0 L] [ [ 154,929
1%61] 141,776 28,107 V] 0 o L1} 0 0 L] ] U TE9HED
1962] 280,906 i] i} Q 1] L] il i ] ] i 0,506
1863f 419,190 1.233 o 0 0 4] iy iU L] [H 0 420,423
1964f 41438 31067 0 0 0 1] [ 0 1] il ] 273402
1965} 110011 110850 5o0 o5 15 0 0 9 0 D | T
1966F 121,154 122,053 574 0 15 £ { i Q i u 243,867
1967 1650814 166311 782 05 24 ] ) ] 1] ] { 332,297
1968) 120047 131014 G116 74 16 [l { 0 Q i g 261,767
19681 105805 1063590 B2 4 15 0 1) i 1] i} il 212,572
1970) 117,099 LI1T270 b6 &9 1T 0 i Q Q i Q 285,711
1971) 157,500 138521 653 B0 s [+ 0 ] 0 il 1] IT6,TT1
19721 18022 118885 551 BR 17 [ { i 0 1] 0 131544
1973] 11201%  11288] faz &7 17 0 [ i} [¥] 3 ¥ J2n B3
1974 185080 156,760 EBG L 27 L] Q Q o 0 W] 374,157
1976) 188,148 1893545 R 11l i i ] ] 0 0 K JTB.TI5
1976 2Z006] 221697 1046 24 31 4] 0 1] 0 i Rt 442,964
1877 271933 27T38E5R 1,292 158 3% [ ] ] 4 4 4 547370
1978] 172905 175,196 823 0 20 0 i L] i 0 ) 360,049
1979] 190,354 191 766 a03 LiQ 26 0 0 @ o F] 4| 383,159
1980) 56,255 71996 10043 Z0.L85 Bl 12 1] 0 0 0 1) 1G0S98
1941 54,422 71456 q778 19403 a% 122 0 [ i Ll 1l 155,228
1982 61,383 B0 544 11027 21,985 Lan 137 4] O U L] )] 175,192
1983 21317 2U.9%6 3589 TEE a2 47 Q @ O ] 4 613,535
1984) 49942 65576 871 17889 56 111 o] ] o 0 1 142,545
1985) 75337 08815 13533 26884 a5 170 o] i { ] ) 21B825
1086 A1OL5 8004 108460 21854 Ll 136 Q0 [ + (] ) 174,144
1987 401 LTl 11,565 250466 7l 142 Q L i ] ) 1BLEL
1988  41.32) 542054 T4zl 14,798 47 93 Q 0 1] 0 9 117,933
1989 32058 431605 5554 11,733 36 7 Q L] 0 { 4 93,4%0
1060 214626 gL 3E85 7745 o4 419 ] L] L] Y] B 61,733
1991 11,772 15447 2,115 1217 | ) 6 0 0 0 O I 33,800
1992 17,523 BTIR 2487 56 28 1] [k [ i [ b 28591
19931 15434 1414 141 S04 =7 IR [u] [ u [ o) 20 FRS
1994 151,335 5,780 7T T 125 i [+ [ 1] I k! 157,398
1995 73632 10,764 [} a 0 1) [ G U [ o 24,305
1998 201918 1950 e Q ] L] [ 0 0 g O 203,979
1997 2954) 114 0 0 & [ [+ i il i 0 29 B55
1998 99057 ] i b 0 0 [H L] 1] i i) 95,087
1999 NEE SE i 0 [} { [ 6 4] L] LH] Tr.Rmm
2000] 107877 0 0 o 0 U i 0 i 0 ol wian
2001 98319 3LAST 831 0 1] [ [H l il [ 1} 131855
2002 T1.968 1] 4 0 [ i [H { U [} i TL.OGH
2003 51020 L85 il O 1] 0 [ il 0 [ 0 51205
2004 ‘.3{?7,‘535 2413 483 0 1] o i ] 1] i} i} 310,530 .
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Appendix II-7. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna

in the North Pacific Ocean by Japanese troll fishery. (Data were adopted from
Yamada et al. 2006)

FY Aged  fige Agea  Aged 4 fAged  Apef  ApeT  Aped  Aged Agel(iTotal
1962 160658 39,061 T L8z 448 1L 57 a2 & 9 13 208447
1863) 291936 70380 12324 3483 Bl 201 ] 95 1 17 24 3BUAYE
1954| 302285 TG0 13387 3613 B42 208 0% 94 10 18 2 304,215
1965) 204056 74145 13,501 3644 BAl 2o 109 98 0 18 z 397565
1966 381914 9,858 16908 4564 1064 262 136 124 12 22 31| 497.8%M
1957 386618 94000 ITII6 4620 L0TT 266 138 125 13 iz 31| 604028
1958) 248,134 HU330 10985 29685 61 171 84 81 ) 14 20 323488
1069 254563 BIROZ 11270 3042 T 175 21 83 9 15 21 33LET
1960 445837 108,350 19729 5325 1242 30 150 145 15 ] 36 H80.964
1981| 42857¢ 104200 18873 BI2I LIM 54 153 149 15 5 35| GER.TIC
1962) 292931 7122 1LGe8 3500 816 i 105 495 10 17 24y 381880
1063 480,588 116M4R MIF6 ET43 1308 330 172 158 18 18 39 82R.535
1964) 419,773 00060 18384 B0l L1TD oee 150 128 14 z 34f 547261
1985) zPe173  AT.4T 11226 3300 789 1450 94 a4 4 14 28] 2B0040
1966 406340 98705 17989 4856 1132 R 145 15l 14 bE 33| 528.738
1967 460EE5 11057 20404  B5UR 1284 ur 165 154 ie 27 17| Bo0R4E
1968 W80T TILARD 13234 3572 833 205 197 97 1 17 24| asaTi9
1969 298300 VIBIF 13006 3565 831 205 107 a7 it} 17 24| 3BR.R80
1970 299877 720910 13276 3,083 835 o 107 g1 iy 17 24 390,945
1071 429356 104501 19008 3,131 11868 95 153 139 15 25 35 859,748
1972] 537399 130660 3921 6422 1497 69 132 174 1% a1 44 TO0,598
1973 626885 152417 IT9E1 7491 1,747 431 224 208 z 36 51| BIT.259
1974 401952 100160 |B23T 1823 1,148 283 147 134 14 2 33 53755
1976 1T6GZ1 42843 TAIR IO 492 121 82 37 G 0 14| 230,258
1976 275325 66455 12000 5268 THZ 155 a8 54 9 146 22| 356399
1977| 613431 149,146 7057 7330 1709 122 aie 9% 21 % sl 798,719
1978] 742624 180.633 22872 8873 1069 ol 63 241 25 43 Bo| 968018
1979 455631 101,059 184G 1967 1158 2668 148 L35 4 24 34 541,862
1980 202000  TLA4F  134l0 BEDU 844 208 168 98 4 18 25| 394,885
1981 66008  A4,6TE  1LI7E  E1TY 74l 153 95 56 4 18 2z| 348,791
1982 51885 61,042 11151 010 TOL 173 & 4 o 15 20 328,379
1983 372017 90811 1A5S4 1468 04l 257 134 121 K i 20| 487470
1984 362041 88,025 16028 1326 1000 299 129 118 1z 21 29F 471,987
1985 326587  ELESS 149056 4003 o938 231 120 109 12 20 278 4388907
1986| 255653 62,155 11318 3055 712 176 a1 &3 9 15 Z1] 338281
1987| ZO7209 500380 WIFR 1476 577 142 74 67 T 12 17| 270,135
1988| 212865 SLTTT 9438 I64S ] 146 76 69 i Z ) IR
1989 214715  5L,08Z  BARD L5GD 507 147 7 0 7 1z 1T Liuies
1980) 510844 TE,57T7 1LIEL 3TI5 366 Zla 111 111 11 18 25 4054
1991| 315455  TEAIR  130ER 3TT0 879 T 113 102 1 18 26| 411263
1992| 9R09]  I5019 %835 1RYE 318 G 0 An v 0 o 135448
1923 114270 5,163 112 1609 337 224 aT 0 o 0 o lge.osn
1994/ 1356088 33850 ILTES 1139 696 K 0 0 0 (U ] [t L 5
1995 168295 128498 2085 496] 1,339 50 21 214 v 54 54| 307,201
1996) 06797 EEEED BlEI 50U D083 AR 1456 1341 237 171 Jld) 954243
1987 369440 115968 18354 10310 1409 7 0 74 0 a o 518680
1998| 348065 37271 14834 6017 4ZM 1449 a3 149 ! 74 o] 1031790
1989 RIIOS4 04275 28530 10600 43 830 166 0 i 166 o] 1079,170
2000(1.172550 175943 1O0iM 4l 200 0 0 0 0 0 0] 1.259.102
2000 2LI34T 35495 L.5E6 2.549 261 o 261 0 0 g 0 L5570
2002| IATHTH 3E3.TOT i 419 U 140 0 0 i a 0] 642,524
2003 36586 43680 15350 193 43 0 0 0 0 u 0 95,967
2004 o81887 76,041 3014936 34727  085E 476 159 g ] i o] 818578
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Appendix I1-8. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna

in the North Pacific Ocean by Japanese set net fishery. (Data were adopted from
Yamada et al. 2006)

FY Agell Agel Aged Aged Aged A gef hgeT Aeel A AgelifTotal

1952 17.761 67053 12,710 hal 1 RE3 2028 2520 1,772 3670 LATZ 160 114274
1953 24,395 92098 17457 138 965 414 1,792 1,792 QUAT  J44T BEG 183.114
1954 3T.WE 0 143118 27,130 0 B0 39203 TETE 1644 394 il 1 265,388
1955 1953% 111497 21134 H50 1551 7584 20202 3631 2,051 112 2 198,185
1956 31,363 118403 22443 1TERT 0 14778 3530 10322 599 Dard huBo arT 23,104
14957 13,877 52,390 D031 12965 11,256 2227 1010 1M 993 A,110 963 117853
1458 2R3 23572 B84 15280 TH8S 1930 10 95 15 172 43 76,1 86
1954 13,701 51,723 9,204 Liix 4473 16A14 219 67 101 168 [H 998177
1960 30,687 115,738 21,938 ¥] L&TD GITL 134N 1020 170 85 510 192,350
1961 3,161 136517 IDETT 3716 2006 3076 11082 £.115 439 169 135 226,290
1982 az,382 122,175 23,158 1422 3365 2,78 1023 4,788 1856 2 142 i AR i)
1963 40,473 152,796 28,962 18512 11B01 1087S 1,112 T2h 2072 10ls 242 268 556
1964 59,074 109,763 20,805 7782 5,19% 5776 1,531 912 2341 FRD 182 183,095
1965 31482 1iIRERT ey | 0 5611 12435 287 0 152 227 [ 131,521
1566 27,442 103801 19527 3775 Blzd 8l ki ) 236 296 169 67 169,556
1967 24,428 0548 38949 4414 0565 TH15 351 3067 BOT 219 BR 323,540
1988 44.7H8  I1GBOGT Jo0zR B,T0T 0 122R0 422 405 357 357 255 12 274,430
1969 EETO 08550 ISSTO0 13883 20320 1288 631 2 1} 126 126 181518
19740 19,459 73464 13935 14604 T444 2007 3 217 408 455 425 137,545
1971 17,23% 65079 12,336 15,847 6,728 1.351 460 34 204 AR 22 119 666
1972 24,565 02741 17.578 6,258 6 B8RS 5139 1412 134 154 67 Lo0 155,030
1973 54815 206953 39,228 5.007 T4RL 10225 4182 £4% 254 268 338 334,383
1974 THUSE  29BBI0 96601 0,493 3851 6235 10391 4943 THE a0 927 AT1436
1975 oR2LT7T 138 20,192 st & A0T kEIEH 2383 J.241 2,126 [Zils] 163 180450
R 2R906 108057 20,685 12046 10005 9,150 2.2 1,530 1452 BhE 197 195959
T 27820 105405 19,980 6.79% 10,340 7,142 2175 1207 T10 571 203 182408
1978 48,348 |BIRZG 345498 1mg 3BT 10048 4,731 L.B0S a05 1,135 Tl4 200400
1979 ahAed 213,065 404056 1948 2,127 1571 23T 8376 2909 1003 1257 354,860
1980 10093 108835 20510 1475 2840 4453 2551 3612 1.682 (0 813 177 807
1981 21077 TRATD 15,083 338 L] 1660 1,389 2,138 1576 1485 10498 128 6t
1982 10480 4A%.118 2931 155 1,798 5763 842 923 497 BB 1 56 80,535
1983 21, BETIL 16,438 1a4 145 125 TOE 32 TRY 507 231 134,993
1984 45813 172957 32784 2 58 609 524 2o 757 TET 78T 258,779
1985 41,173 155438 19463 1135 3304 4,060 2,799 I&16 1,342 05 T 243,936
1986 414531 196414 ZH54R 2494 3050 3,748 2,584 14677 1,239 3 646 247,981
1987 23315 BROIZ 16584 S164 22 2802 1832 17254 27 186 4R2 140,340
1958 11969 45,185 8,565 1039 L9 1,48 38 2 445 WL 232 T1B40
1959 14,815 55040 10,603 T 744 D20 B34 413 3 16} 154 R3411
1990 25,0146 94935 17905 484 510 BIT 428 28 207 109 108 140,835
19601 I5502 148487 27,767 B30 it RiG 62 365 70 142 141 216,544
1992 2585 REETH 16,240 893 4] 1157 747 51T KL 201 1949 125,703
1943 1257 21156 5468 11176 398 471 a2 181 Kl i 127 Sz
19594 LO2ERL 15744 5502 874 4,823 461 a9 254 44 T4 il 13,823
1955 11228 224253 2442 1013 445 ood T 1% 28 19 ] 241,160
1996 ITEIE BIYLT 15408 938 140 154 560 356 42 [} B4 129,306
1997 55,791 41,555 9857 R 144 i a4 126 90 15 18 130510
1998 123.56] 43792 T 1455 1,545 2 108 134 124 46 3 180,272
1999 74810 B2A2] 3048 1,162 538 05 104 K 15 64 LiEt] 135,267
2000 100,744 126513 12,198 9R6 490 131 329 55 63 27 41 241,947
ML 250 R T62 11950 1476 194 o4 7o 1£1 22 11 22 178,082
2002 BA15 THE4T  1Z184 2528 182 ™ ¥l 130 127 a2 24 194,591
RIK) 2804 11573 22,047 3265 397 63 a7 153 7 L] 2 40557
20414 9315 11,048 7788 6,857 1,870 440 414 155 93 a7 af2 38495
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Appendix I1-9. Estimated catch at age in number for age 0 — age 10+ of bluefin tuna

in the North Pacific Ocean by Japanese drift net fishery. (Data were adopted from
Yamada et al. 2006)

FY Agel Agel ﬂieﬁ Aged 824 A ged A ged .\ﬁe? ﬁﬁes .&Eeg .I’I.Elo Total
1952 0 ] 93 44 47 Ailfi 345 101 Kt 3 0 1.24]
1963 ] 3 g 3 14 44 157 62 4 1 1 299
1954 U 17 42 9 16 20 111 72 6 1 0 294
1965 { 13 Tl 100 20 25 17 49 7 [ il 306
1966 i ] 54 119 18 12 28 24 12 1 i 260
1957 0 1 13 15 24 oT L5 2] 10 2 O 113
1958 & 7 17 i 1 5 3 2 1 s 0 66
196D i 107 55 206 259 95 2 4 2 | 0 731
1960 0 [ 1 a 225 178 44 12 1 [H 0 441
1961 o 0 | 4 9 36 a 20 2 [H 1 105
1962 1] 2 g 2 1 12 54 R 13 1 i 112
1963 t] 4 19 3 pii | 2 k] HH 19 4 Q0 141
1964, Y] @ g 3 1] a0 3 3z 41 a9 1 495
1965 4} 2 1 13 134 I8 17 26 112 A6 1 ABY
1966 i 0 4H) 477 53 1 1] 1 0 0 1 1022
1967 1 0 L] F] 14 14 42 &1 2 | 1 162
19638 ] { 25 102 102 95 ) 5 1 L} 1 336
1969 a 51 845 fia Bl 106 ] 3 1 1 i 1,282
19704 ] 2l 91% 224 T 3 o 3 [ 4] v 1,273
1971 1] 344 507 16 41 b 5 1] ] 4] 0 1218
1972 ] 156 3424 248 626 32 62 £7 20 3 0 4,927
1973 4] 44012 0Ty S48 340 458 473 1594 i 32 10 BA67
1974 7 3.621 13577 584 123 113 T8 T 17 ] 3 20,014
1975 633 1689 15996 284 1,358 10 a0 54 13 1 1 27471
1976 47 1465 21,260 3,745 1.706 457 a6 11 3 T 1 L8734
1977 2407 2440 15,3008 16,449 A 1063 278 25 B 2 0 40,812
1978 2 118 07t 385 2814 0884 2648 196 43 [ 26 5810
1479 4] 2,167 24,138 R 466 1414 947 1.585 241 12 d 1 388955
1980] T 20069 38237 5932 1,127 398 137 115 50 25 31 BE T2
1981 3 16,815 41,042 B7Z4 57k 130 35 ] 27 4 1 B5.388
1982 TO0 2080 18065 2884 1543 327 45 30 o 15 7 44,788
1963 420 14,08] 124060 272 E43 b JIE L 42 19 I 19 48363
1984 JLLT 3,387 17857 B13 419 k) 113 e 11 15 2 22,764
1985 a5 3660 1585 756 106 z 3 | i T 8 18814
1986 145 13,119 23640 336 46 11 1 | 2 i 0 16,13]
1987 A2 TAH8] a0 1042 135 49 %] i 1 z 3 14,3401
1988 63 2433 4642 2 a7 # 3 [H o C 0 K624
1969 47 2,391 4,145 1,242 I1] Mk fi i i ¥ i1 ()
19940 144 3,452 5,280 G20 144 17 a4 [ (] ¥} y R L
19%1 86 15,745 712 1,930 GO6 153 43 13 B 1) 4 27670
1002 1 10,282 5014 385 204 147 BI 2] 2 1 [y 14,3520
1993] 30,597 2,106 1] 0 ] 1] U [H 1] & 0 41,703
1994 51847 /] [} 0 1 (3 [ [ LI LK L 51042
1995 5062 11053 4 0 [ 0 0 [H ‘} 0 0 | 7.005
1996| 42654 4,375 1.0 U G & 0 [ 1] 0 0 48,122
19%7 5304 a5% ] 137 [ [£] 0 [ il 0 {) 10,495
19%8] 20330 0 ¢ 43 i & 0 32 I8 L] 0 20,985
1984 15661 6,425 0 b [ U B [} b il 1 RER{R
2000 14242 3,342 Y 30 e 15 15 15 3 4] 0 17,749
2001 =05 2,058 116 TG Lie 58 33 HR 114 i ) HEiE
2002 1599 13,409 M 4 4 4 B 4 B 3] 4 15380
2003 EYLH 2,245 1482 0 [ { o 4 O 0 kil 14, 1484
2004] 9941 £,420) 1025 20T [ { o ¥ i 1) ] 17603
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Appendix II-10. Estimated catch at age in number for age 0 — age 10+ of bluefin

tuna in the Tsugaru Strait by Japanese handline fishery. (Data were adopted from
Yamada et al. 2006)

FY Agel Agel Aged A e hﬁﬁ*] Ages eh Aped Aged  Aged Aeeld|Total
1953 2 195 94 160 BR 15 I8 52 4] 36 53 95
1963 T 349 3158 a7 33 132 146 196 134 137 e 3011
1054 5 576 178 473 28l 03 114 153 120 104 157 1349
19E5 21 2,255 1,056 1853 1023 403 445 S99 471 418 616 9.158%
195686 [ 626 106 e 2 114 125 169 133 118 173 2584
1957 5 583 281 479 a6 104 115 155 22 108 158 277
1958 El 402 154 330 182 T2 T 107 LE! 74 L 1638
1059 B R34 414 TG 390 154 1649 s 179 158 235 3,801
1680 14 2014 970 1654 g|2 IR0 297 £15 420 a7 Sal 8,208
1961 k| 18 442 4 416 164 151 244 192 1T 251 3,742
1962 7 ] REH] 687 a63 42 158 213 1687 148 218 2,280
1963 9 1,009 456 820 408 150 19% THE 211 187 276 4112
1064 Lil GRS 3Z8 561 310 122 135 181 143 126 L36 USRS
1965 2 213 143 175 95 3R 42 a7 44 34 ] BET
1966 4 445 215 366 202 80 88 118 93 2 23 1815
1967 7 T7a 37z A5 abl 138 152 05 181 143 211 3147
1968 5 hE7 IR3 483 268 10s 116 156 123 109 160 b 3
1969 [ 595 I87 480 270 10E 117 138 129 11 162 2425
1970 T 741 357 il 386 132 146 197 155 1537 il 1] 308
1971 4 44] 218 363 2 79 Eh i 2 4 12 1,789
1972 9 48] 4173 06 445 173 194 261 205 182 2658 3,995
1973 12 1.245 GIH] 1.023 h6S b 246 331 280 231 340 3074
1974 4 410 197 337 186 T i 104 HiE TR 11z 1670
1976 5 536 258 440 243 kS 106 147 112 +9 P46 2,184
1976, 5 6 270 460 254 100 110 149 117 16+ 153 Z.ER0
1677 4 445 215 il 200 &0 88 118 3 2 122 L&15
1978 14U 1044 203 R3R 474 187 206 27T ol8 193 285 4,255
1979 & HEl 2l 460 254 100 114 149 117 104 153 o280
1980 5 D48 264 450 248 95 108 146 114 101 Lad 2,452
1981 | 146 T 120 [ o 2 19 3 27 41 594
1982 | 126 Gl 144 a7 i 1 34 26 23 34 314
1983 4 48 208 250 193 L] B4 113 Y 79 116 1,734
19584 L 914 440 751 415 162 15 243 191 188 28t 3726
19885/ i) fifiq il 1fid 2 101 11 180 118 104 3] 2nadf
1586 2 147 a5 162 it 35 kil 2 41 k13 G4 803
1887 1 126 &l 104 57 23 20 3 26 23 34 G4
1988 | 118 a7 a7 54 Z R 31 2 22 o 482
1989 2 2 1049 185 10 a0 44 0 ar 42 z a9
1950 2 269 130 22 | i} EE BY T2 56 50 T3 1097
1991 4 382 1%4 3l 173 o] Th 102 b-H 71 L0 1,558
1992 4 462 144 330 LR 1= i 1407 54 K| 416 1.638
1993 1] 148 128 1,183 25 sl 14 B f f 53 2094
1994 k] = 1z 113 590 41 20 20 i3 Z EH] 1087
1986 ] 1510 163 441 a8 27 203 131 a8 115 158l B.A78
1556 4 1.587 275 i 711 207 229 it 127 1M 132 4,785
1687 i 2 2 kLS| 57 62 an 403 47 B3 75 1,244
1948 1 5 5 81 283 [ 1 41 133 a0 51 AE
1960 7 0oy 231 7 8o 44 3n 45 1 276 22 4,210
2000 2 586 295 181 113 104 450 108 & 205 328 2459
2001 4 1087 481 248 110 145 154 iR LI 207 245 o0
2002 ] 1.538 GUs 489 198 113 179 25E 485 293 523 BANEE
2003 2 g7y 4,345 1,522 1,282 45T 195 62 RET 32 448 HATR
2004§ 1 il 1462 6,253 TG 941 T4 595 A2 B4 S30 10,818
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Appendix II-11. Estimated catch at age in number for age 0 — age 10+ of bluefin

tuna in the Eastern North Pacific Ocean by purse seine fishery. (Data were adopted
from Yamada et al. 2006)

FY o) Agel Agel Aged A A gD A ot AgeT Apel  Aged  AgelQ|Total
1952 G 5ZT0B 123430 1] i ] iF 1] 0 i i 176,158
1963 2084 764.29) T80 53E1 i) ] ¥ i 1] 0 ) TT,157
1954 145h  B6D36L 333249 5383 443 o & 1} ] 1] ol 910391
1955 212475 133,798 64474 200044 104 U ¥ 0 ] 0 i} E30833
1966 3819 275,278  15544Y 18D 1TH 5% { 0 0 1] 0] 435463
1967 447 THRHE5 241383 |74 0 0 0 0 { U O 1046144
19568 UsR 325573 6ETEDS 27 27 i i G f 0 0O &i549]
1959 a0z 48,0188 ZBT.2H% 115,162 1500 gl el 0 ] (] ] 430,591
1960 S0082  L0BB4B  I6910 21783 ZBOET 1,580 o o 0 U 0] 266892
1861 50825 B9ZR95 239,165 4,341 340 O iH] [t} i [H i QA7 569
1962 19668 1,167,006 1825566 406 oz 2 [¢] [H U [ 0y 1363910
1963 155,090 EIT731 247126 25,707 2471 2,213 RE 44 Q o 0] 1180470
1964 177 884,588 1134849 20,532 B8R 19 [} H ] & 0} 1027 87R
19466 4 S52.839 30568 Tak84 74l e 63 Q U 0 0l 1,166 361
1966 SO820 105163 341595 20,040 Z1E ) S 3T 9 o o 4] 1475682
1967 168546 Z8a0R0 G3010 5452 188 1534 L 3 ] 0 @] 401449
1968 J2ATh aB4.974  |B3ETR 10,766 aTl 04 7 5 1] G il 792,790
1962 1543 442210 15,106 2 LG ] [} [ it L] 0 487 R99
19701  A064% TOTELI9  BRODI1 10563 @ o 0 [t} G ¥} U] #6686
1971 ¢ ZRT439  G9L149 B,036 [ o [+ ] Q i [ Q B47.924
1972 32902 9IRAIT 0 0 [ ] o 0 ] 0 o 4gl 429
1973 33013 ATOTAT 242079 /] 0 1] v} 0 [ [ o 946 864
1974 245207 ZB5076  ZIERIS ] ] o i) 0 { [H iy TTZI18
1975 261 BEDRAT 127943 34333 540 0 ¥} 0 0 & U]  B42021
1976 23,428 560805 BRTE] a7.087 TARD 248 Q ] Q& [ 0 TOT. 730
1977 16,397 16282 435 14,009 9RE8 1613 Z.oih il i} ¢ i} 27T A3
1978 16408 €37.27% 40353 4,496 5514 8726 2895 1,152 O U ol TI5093
1979 S6904  JUDE4% 44806 11 14 16 T 3 0 G Q 531,528
15801 1747 IME19 29538 120 o [ i U 0 0 O 156027
1981 5] 16450 34,754 2425 0 [} 0 i O 0 [} 036735
1982 0 IR4B42 91230 Gag B¥5 ] a U { 0 Ol artsTa
1983 373 47348 45 4456 i 15 [t 0 i L 0 83406
1984 12402 190,087 wiaTl Lol 1 o] [ 0 o L1 1] 236,063
19886 @7l 191836 GTI5 ] 0 0 i i 0 ] O DehOTe
1966 3 G3,528 301174 2132 145 43 u i it} 1] 1 L
1967 18527 36,778 4ATARTY 282 350 61 i [ k] U 1 103,869
1988 0 24471 34065 16414 ld o5 23 476 178 4 ] 75444
1%R9 2 44591 FTRIT 4447 (35 198 103 44 & 3 o RTT60
1500 5 4,773 BE095 ks ] [ a ] i ] i [ ez
1991 4] 45,139 3121 2640 [H 1l [} & 4} Ll 0 51,540
1992 85 22ATE 1964 l H ] I [} [} ] L 151828
1963 1} ad47 20200 14012 [ ] a {} 4] i i 10,168
1994 0 21808 13386 9001 13508 U a 1] [u] i i 07649
1995 Q G748 4Gl 1645 9435 2.2 ot i3 [} L 0 30,635
1396 o6 43006 BIREIT  BREEE  LLE3R 1308 kELL ] o g o] 452807
1997 i 71934 41945 o6, 1t 58 A 5 ] [} i} 4] 170,135
1998 87 B244 2L06R 80019 L05U] 0 0 U O i} o] 129207
1999 0 4,329 33,154 9832 045 Y ] 1 0 0 i 0 5,375
2000, 58 42012 158048 31B45 32040 i B il 1] i 0| 236036
2001 2 LAY 41840 17224 BT z i i o U L] £2,197
2002 104 3213 134778 B AL 15468 4] 1 { 4] [} L] 146559
2003 L] 3025 Q14278 KMNEE EI81 2112 3 0 i 0 il 249284
2% L] 5.1 3¢ 51,394 158037 10591 5325 ST { [f] 0 L] TaT 062
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Appendix II-12. Estimated catch at age in number for age 0 — age 10+ of bluefin
tuna in the North Pacific Ocean by Taiwanese longline fishery. (Data were adopted
from Yamada et al. 2006)

FY Agel Agel Aged Aged  Aped  figeS  Apef  Age?  Age8 Agel Apell|Toml
1962 u
1963 0
1954 ]
1966 0
1966 0
1857 o
1968 0
1959 i
1560 Y
1961 o
1962 0
1563 o
1964 ]
1966 0
1966 D
1867 U
1968 ]
1969 0
1970 0
1871 0
1972 o
1973 )
1974 ]
1975 Y]
1876 ]
1977 U
1978 0
1979 0
1580 U 0 i o 0 a 2 a3 97 249 380 0gE
1981 0 0 G o ] o 2 23 a5 236 3F1 g2
1982 0 U o u ] ] 1 21 8 210 EIL B26
1983 0 o 4 o 4] 0 4 62 255 621 1327 2479
1984 [ ] 0 o 1} 0 2 T 114 ZE1 BE1 1,105
1985 0 Y @ Y U 0 1 9 3= ™M 227 168
1986 U i 4 i 0 o 3 4R 198 189,183 1,921
1987 U o 0 a o o X 14 54 145 350 68
1988 U u 0 0 b u 2 T 111 274 B65 1078
1989 i i V] 0 o ] 2 25 102 253 813 435
1990 ] i 0 [ & & 3 45 185 458 1,109 L B0G
1991 g 0 0 o 0 0 4 €l i A2F 1.5 2442
15992 G ] 0 o ] 0 # ] o9 198 1,924 ST
1993 o o 1] 0 0 e 1z 463 B8 441 1,365 2018
1994 0 0 L] ] o o 49 45 263 246 BI0 492
1995 0 Q ] @ & i 7 31 234 LI84 2192 4,748
1996 G ] [ O 0 ] 3 290 763 241l 6047 8505
1997 K a [ O ] ! 0 425 2314 3847 4,105 gLl
1998 L o U O u ] g 114 1941 7815 7230 17,263
1999 o o Y O g U u ob 584 4242 98633 14,782
2000 i ] @ a o & 3 20 168 1,188 TETZ 9031
2001 i [ 4 1] 0 1] L I8 385 983 6027 TA2L
2002 ] H L} 13 i i 4 43 6l4  ZA0d 5756 9A2]
2003 0 O 4 ] U 1 G 166 918 3050 3508 7753
2004] i ] 0 (0 1] i 13 104 37 1733 3.724 6.016
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Appendix II-13. Estimated catch at age in number for age 0 — age 10+ of bluefin

tuna in the North Pacific Ocean by Korean purse seine fishery. (Data were adopted
from Yamada et al. 2006)

F1 Agel Agel Agel Aged A ged A peh A geb Aged ApeB  Aped  Agel(]Total
1962 1]
1963 0
1954 0
1955 1]
1956 {
1857 1]
1958 U
1960 1]
196 0
1061 0
1962 0
1963 ]
1964 il
1965 0
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1967 ]
1968 ]
1969 0
1970 0
1971 0
1972 ¥
1973 0
197 4| 0
1975 0
1976 [H
1977 [H
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1979 0
1980, 0
1581 1535 5608 44 i 0 0 ] 0 [ 0 B} 9I87.0I88
1982 1483 2352 15 a ] 0 ] o [ ] 0| 3RAZAZ0R
1953 458 24 ] 1] 1] ] { ] [ ] O] LIR34Z218
1984 114 181 1 L] i o ] ] [H O 0] 28835044
1940 G9aE90 62290 456 ] 4 0 U ] [H ] 0of 1015346.27
1986 10154 14, B 126 0 1 O ] 1l [H} O Q] 28375638
1987 3648 a T8 45 'D { ] ] 1] G it Ul 99835740
1988 5087 12844 100 ] 4 ] { a [ o 0} 21041237
Iﬂ&ﬂl 13054 L3879 156 0 ] SATI801Y
1990 221 47939 374 O i L] TR334.193
1591 4397 40938 109 hT| U 0 48,461
1992 44262 7236 56 ] 1 [ BIRBAZIR
1993 570 2045 7l 0 ] 0 BAR1T.TTZ
1994] 23528 148520 1,159 0 ] ] 2433407 82
1906 1oos 043 0 L] ] (] 30518.138
1996¢ &1.141 363023 o L] ] ] 424163758
1997 £4322 30491 241 0 { 0 AT664.004
1998 GO0k 40515 BZA o 1] ] 5137054
1999 115041 112210 20 U {i i 22925355
2000) So2543  106ATT 2,096 0 [y 0 41516837
2000) 126519 43277 182 i [ | JuRGTRD
2002] 479641 198248 429 H [ o 625,318
2003 TIR4R L ] 974 i U ] 109,332
2004 514,148 RS 0 i L] i Jo2ATR
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Introduction

The spawning stock biomass (SSB) is generally used to decide whether a fish
stock has sufficient productivity. Although a large number of studies have
examined the sustainable level of SSB (Mace 1993; Zheng and Quinn II 1993;
Myers et al. 1994; Machal and Horwood 1995). For a fish stock sustainable use
in a long term fishery, using stock abundance to represent a long-term stock
productivity is needed. Katsukawa (5) developed the unit stock abundance called
population reproductive potential (PRP), which is defined as the expected total
reproductive value of the standing stock, to evaluate stock productivity by
considering both immediate and future spawning. However, the effectiveness of
PRP for stock assessment and fisheries management has not yet been presented.
Also it is doubtful whether SSB is an appropriate index of stock sustainability.
For example, SSB ignores the value of immature fish, which are indispensible
for long-term sustainability. Under the circumstance, decision-making that
depends on SSB to be shortsighted. Therefore, in order to evaluate the
sustainability of a fish stock, we should consider both immediate and future

spawning of the standing stock.

Materials and Methods
The estimated abundance in number by ages and fishing mortality by ages from
the results of the virtual population analysis were adopted here in the present
study. Also the maturity oogive was used.
In biology, Fishers’ reproductive value is widely used as an index of the
reproductive contribution of an individual. The value is defined as:

t

R; = Z e T D m -1,

X=1
where R; is Fishers’ reproductive value (6) for an age i individual, r is the
instantaneous growth rate of the population, in which conservatively, the r was
set to 0; my is the average number of offspring which an individual at age x
contributed, 1, is the survival rate of an individual until the spawning season at
age X, and t;is the maximum age of an individual with capability of spawning.
Where the first term on the right-hand side, e~V represents the discount rate
of egg value, because the intrinsic growth rate of population r was assumed to
be 0 without loss generality, the term is equal to unit to simplify the estimation
of reproductive value (Katsukawa et al. 2002). However, an estimation of r can

be calculated from Leslie matrix (Leslie 1945; 1947) with the application of
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annual age abundance in number estimated from virtual population analysis. For
the case, R; is equivalent to the total spawning in the rest of the individual’s
lifetime. If the reproductive value can be estimated from equation (1), the total
reproductive value for the entire stock can be summed up the reproductive value

for all the ages, that is

ta
R= ZRI X Ni
i=1

where N; is the number of individuals at age i for the study stock.

The stock reproductive value is to evaluate the stock productivity, unlike the
spawning stock biomass it can be not only due to immediate spawning, but due
to future spawning. The value of immature cohort is also evaluated for future
reproduction, in which the part was almost ignored in estimating spawning stock
biomass (Katsukawa et al. 2002).

Table 1 shows the life history parameters of PBF (Anon. 2007). The fecundity
m, was approximated as the product of the maturation schedule f; and body
weight w, for the age x at June, which is since the spawning season of PBF is
from May to August each year (Chen et al. 2006). Then, the reproductive value
at the beginning of the year can be expressed by the fishing mortality at age i as
Fi;os and the natural mortality at age i as M;,o5. The natural mortality used
in previous report (Yamada et al. 2007) for age 1, 2, 3, 4 and 5 over are 1.6, 0.8,
0.4, 0.25 and 0.25, respectively.

tA

t
Ri = Z(mx * lx) = Z [fx Wy e_(O'SFX-I-O'SMX+Z§;%(Fy+My))]

X=1
For reproductive value of the plus group, i.e., Ryy4, is affected by the average
age of 10+ (ay) and is empirically approximated by a extrapolation of the

relationship between age and fishing mortality in Table 1.

Thus, using data shown in Table 1, the reproductive Value at age was calculated
and shown in last two columns of Table 1.

Reproductive values increase with age indicates that the old individuals
contribute more to spawning than the young individuals. Thus, the abundance
index in number was used may result in overestimated immature individuals, the
productivity may be underestimated. In contrast, reproductive values per body

weight decreases with age means that biomass underestimates the reproductive
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contribution of young individuals, and spawning stock biomass ignores

individuals with a high reproductive value per body weight.

Table 2 shows the trend in PBF abundance expressed by spawning stock biomass,
biomass and total number of age 0-10+ fish (N) of PBF. And the annual SSB,
abundance in number were also shown in Fig. 1. Spawning stock biomass
fluctuated increasingly; the spawning stock biomass reached its historical
highest in 1994, while recent N peaked in 1995. This inconsistency is also
found then after, and there are simultaneously in the recent peak in 2001, but the
spawning stock biomass was the lowest in the same time. This is may be due to
the newly introduced fishery made by Taiwan small scale longliners to take the
giant spawner from 1993, the trend can be found as the Taiwan fishery employed,
the spawning stock biomass showed declined tendency. Fishing pressure on
giant spawning cohorts declined drastically after 1999, and this change in the
fishing pattern caused the spawning stock biomass increasing again (Fig. 1).
Abundance in number and spawning stock biomass also showed opposite
reactions to the age-composition fluctuation (Table 3). The trend in total
reproductive biomass is intermediate between the trends in N and spawning
stock biomass. If age composition is unstable, we must be sensitive to the choice
of stock abundance index. The population abundance was projected under
various yearly fishing mortalities at age (Table 4). In Table 5, the annual

abundance at age in number was shown.

Results and Discussion

Reproductive values and population reproductive potential

Under the assumption that the population is stationary, that is the intrinsic rate of
population growth is equal to unit, r = 1, the age-specific reproductive values
estimated as in Table 2, indicating that the averaged reproductive values at age
from 1960 to 2004 increase with age. Then, the reproductive value for all ages
from 1960 to 2004 was shown in Fig. 2. The total annual reproductive value is
the performance of population reproductive potential (PRP).

The annual total reproductive values of bluefin tuna in the North Pacific Ocean
(Fig. 2) indicate that in 1990s the stock has higher relatively reproductive value
than others in the study time series, particularly, the reproductive values in 1992
has the historical high value, and ranks the second position in 2003.

Computer simulation can be used to evaluate the trend of a stock with an
unstable age composition. The projection of the PBF population stock under

constant fishing mortality, starting from the numbers-at-age in 1982-1995 may
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be pursued in the near future. It is rational to assume that the stock with the
higher level in the future has the higher long-term productivity as the estimation
within the study. The stock level after a long projection, therefore, can
represent the long-term productivity of the initial stock.
However, a plus age group may decline the accuracy of stock abundance
projection. As the situation, the projection model used for projection, Katuskawa
et al. (2002) proposed a plus age group modeling, that was letting N;; be the
number of age i individuals at the beginning of yearj. The dynamics can be
expressed as, forage i is 1 <i<10:

Nij1j+1 = Njje 2
where Z; = F; + M;. Individuals older than 10-year-old are grouped as a 10+.
Thus, the number of age 10+ can be expressed as:

Nisty+1 = Nysgje 215+ + Ngje 2
The average age of mid-year 15+ fish in year j (5j) 1s:
_ (& + 1)Nyg, je71st + 10.5N , e %

Aj41 = - =
) N15+,je Zis+ 4+ N14’].e Zig

The weight at age was estimated from the von Bertalanffy growth equation and
length-weight relationship (Hsu et al. 2000). This may be different with the
current method used herein that the average from age 10 to 12 was used in the
present study.
As usual, fish population dynamics can be expressed as a matrix model, e.g.
Leslie matrix model. The estimation of intrinsic growth rate of population was
used the Leslie matrix with the consecutive annual abundance at age in number,
1.e.,
Ny = ANy

where A is the Leslie matrix and it largest real positive eigenvalue, Ahas a
relationship with the intrinsic growth rate of population,

A=¢e
Further, the intrinsic growth rate of population can be estimated as:

r=InA
The annual abundance at age in number was as shown in Table 5. And Leslie

matrix A can be constructed as:

[SoXfo S1Xfi s;xf, S10+ X f10+]
S, 0 0o - 0
0 S1 0 0
0 0 0 0

where s; and f; are the survival rate and fertility for age i, and s; = e”(Mi+Fi),
Then the first eigenvalue can be adopted to estimated the intrinsic rate of
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population growth as above mentioned. We assumed the intrinsic growth rate as
a constant one, this may be not appropriate, as this is so, the estimation of the
parameter through Leslie matrix model and its eigenvalue seems necessary for

accurate computation of PRP in the present study.
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Table 1

Life history parameters of the Pacific bluefin tuna, abstracted from

Yamada et al. (2004; 2006) and the present study in the section of the adaptive

virtual population analysis.

Age Weight Natural Fishing Maturity Reproductive Reproductive
(year) (kg) mortality mortality*1 value value/weight

0 1.0 1.6 0.683 0.0 1.23 1.23

1 5.7 0.8 0.528 0.0 12.02 2.11

2 15.5 0.4 0.363 0.0 4535 2.92

3 25.6 0.25 0.045 0.2 61.99 242

4 422 0.25 0.069 0.5 78.72 1.87

5 62.2 0.25 0.113 1.0 93.96 1.51

6 84.9 0.25 0.209 1.0 91.81 1.09

7 109.6 0.25 0.369 1.0 91.64 0.84

8 135.7 0.25 0.243 1.0 88.76 0.65

9 162.5 0.25 0.478 1.0 62.43 0.38

10+ 218.0 0.25 0.478 1.0 105.27 0.48

*1: data from estimation for 2002 in the present study of adaptive virtual

population analysis..
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Table 2 The estimated spawning stock biomass of bluefin tuna in the North

Pacific Ocean from 1960 to 2005 by the adaptive virtual population analysis.

year

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

age 0

[eNeNeoNoNeoNoNoNoNoNeNolNoNoNeoloNoNeoNoNoNoNeoloNoNolNoNoNoNoNolloNoNoNeoNeoloNeoNolNoNoNoNeoNoNe ool

age 1

[eNeoNeoNoNeNoNoNeoNoNeNoNoNeoNoNoloNoNeNoNeNolNoNolNoNeNolNoNoNoNeNolNoNolNoNoNolNeoNoNoNoNoNe NolNoNe)

age 2

[eNeNeNoNoNeoNeoNeNeoNeoNolloNeoNe o NoNoNolNoNeo oo o NoloNoNoNoNoloNoNoNoNeloNoNolNoNoNo o NoNo oo

age 3
1905382
863328.2
704865.5
1140163
854723.6
586256.4
1189301
867201.8
638132.2
511569.7
991118.6
1077237
632180.4
557780.8

990554
1887525
3045837
1349448
879855.4
1042169
1294763
1610326
824815.6
615764.4
705766.4
811479.1
663143.2
900939.4
752202.9
1079583
1421240
1744724
1782508
2378818
938617.7
754265.4
853600.1
1841406
1270174
1232550
915244.2
1192668
1539113
1189223
3037495

age 4
8603762
5577273
2512998
1853762
2948165
1901400
1334506
2481309
2082839
1406297
1259630
2622118
2776945
1665378
1485336
2677510
4972646
8052162
2801103
2393498
2591685
3144537
2593268
1690248
1682057
1831396
2021516
1586632
2031238
1852839
2807391
4001139
4982438
5366469
6577480
2613712
2050277
2083280
4647852
2831380
3247380
2368286
3394523
4537961
3230637

105

age 5
17047751
16257158
11760192
4940271.3
3156054.1
5565475.6
3386966.2
1735696.5
3216028.2
3125644.2
2354116.5
2331907.3
4963753.4
5109381.9
2860891.6
2894705.9
4952554.3
9075098
13228384
5007232.4
4425356.2
4858218.8
4983963.7
3749953.1
3439883.9
3267388.1
3593124.7
4013440.8
3138538
3664175.7
3756702.6
5763486.7
8217782.7
10147513
11254757
12360013
5305212.8
3947028.3
4188799.8
8140574.8
5112516.7
6640233.4
4888091.6
7061213.4
9033179.9

age 6
10967200
13144066
13760988
11188837
4400715
2656754
5034216
2172428
1101358
1531353
2130717
2066741
2034848
3735192
3760552
2234821
2645649
3992407
6647744
9020816
4245732
3655434
4099059
3669479
3402388
3146862
2960482
3248866
3716654
2938239
3428796
3472729
5264538
6624866
8724582
10326174
10204087
5028937
3316357
3658721
6173041
4313904
5902740
4543989
6312013

age 7
2337014
6122898
7961429
9900771
8921215
3313365
2111334
1993016
1064195
735009.6

835127
1305952
1571249
1402897
2113133
2533201
1783345
2242497
2799182
4138330
6043156
3314811
2506827
3253500
2963171
2943833
2716212
2587016
2784944
3328263
2600585
3022606
2917729
4166229
4274382
6664822
8801361
7870258
4126691
2271039
3012469
4599075
3296322
4898503
3686241

age 8
535427.9
874571.6
2391197
2781070
5315333
2995004
1992374
1336377
602536.4
630066.4
510484.1
494607.9
785358.7
981402.1
704252.4
1166364
1888705
1425409
1784086
1837059
2710398
4126891
2369652
1620520
2560152
2343386
2378076
2276383
2178536
2363971
2908529
2172000
2545636
2281667
3217102
2885414
5172219
7235627
5808524
2961910
1514582
2462164
3387010
2353918
3930294

age 9
273996.7
173942.3
322335.4
549994.7
556094.8
1120409
868324.8
1037323
676664.8
334937.9
418032.6
341806.1
304610.1
439659.5
456741.8
355607.1

771187
1485158
974002.5
1306158
1181988
1878007
2829824
1619902
1052507
1924822
1782969
1879303
1858137
1804982
1978197
2420225
1732791
2089742
1804649
2525999
1984422
3907736
5256043
3905010
1960088
1008375
1639063
2166412
1203280

age 10 plus
470122
222219.4
108889.5
97639.96
103187.6
83113.76
272755.3
538117
698118.6
650912.4
527298.2
546590.6
490038
395394.8
337539.3
349873.9
421436.2
835152.6
1485506
1415147
1626562
1641697
2161784
3080159
2687844
2184846
2735514
3125921
3604938
3989405
4240260
4469693
4896975
4700679
4950283
4710063
4546209
3955416
4920705
5978876
5599747
4275124
2734136
2205267
1845912



Table 3 The estimated age composition of North Pacific bigeye tuna from 1960
to 2004.

year age 0 age 1 age 2 age 3 age 4 age 5 age 6 age 7 age 8 age 9 age 10 plus
1960 0.534863 0.170342 0.055279 0.070038 0.079233 0.054579 0.027573 0.006015 0.001031 0.000424 0.000623
1961 0.536535 0.248722 0.068929 0.026328 0.039553 0.040585 0.026053 0.011311 0.001401 0.000279 0.000305
1962 0.398285 0.376781 0.095165 0.024264 0.020606 0.032565 0.030391 0.016395 0.004875 0.000522 0.000151
1963 0.59567 0.193726 0.100838 0.038519 0.015211 0.012951 0.020236 0.015724 0.005806 0.001145 0.000174
1964 0.527973 0.328305 0.048177 0.032233 0.022657 0.008624 0.008107 0.014104 0.008457 0.001175 0.000187
1965 0.461899 0.335542 0.126908 0.020004 0.016574 0.015963 0.005417 0.005933 0.008347 0.003209 0.000204
1966 0.429012 0.333787 0.129513 0.061308 0.015324 0.01107 0.011105 0.003947 0.003336 0.001259 0.000339
1967 0.557591 0.270979 0.075118 0.039028 0.027178 0.007791 0.007832 0.009134 0.002689 0.001841 0.000818
1968 0.513769 0.313967 0.08423 0.032773 0.027151 0.01817 0.003497 0.002887 0.001239 0.00123 0.001087
1969 0.586214 0.275873 0.076655 0.023292 0.016746 0.012259 0.004921 0.001588 0.00107 0.000519 0.000864
1970 0.390835 0.412617 0.108868 0.050749 0.015728 0.009405 0.007152 0.002264 0.000963 0.000682 0.000737
1971 0.630421 0.165489 0.117246 0.045166 0.024823 0.007363 0.004845 0.002768 0.000798 0.000456 0.000625
1972 0.604821 0.299842 0.033696 0.019843 0.020897 0.012818 0.003853 0.002437 0.001014 0.000327 0.000451
1973 0.537154 0.333229 0.079244 0.01589 0.011466 0.011952 0.007017 0.002076 0.001165 0.000455 0.00035
1974 0.477078 0.32485 0.139266 0.028543 0.010251 0.007205 0.007338 0.003537 0.001003 0.000568 0.00036
1975 0.392311 0.316986 0.182393 0.06688 0.022184 0.007899 0.004701 0.004226 0.001647 0.000419 0.000353
1976 0.411388 0.267114 0.128405 0.118706 0.04568 0.015777 0.005835 0.003096 0.002633 0.00093 0.000436
1977 0.579355 0.198749 0.063481 0.055061 0.063246 0.02493 0.008066 0.003298 0.001681 0.001439 0.000693
1978 0.523871 0.301938 0.065511 0.026588 0.021538 0.038001 0.013788 0.004373 0.002006 0.001034 0.001351
1979 0.494285 0.299714 0.106631 0.036397 0.018723 0.013334 0.018997 0.007005 0.00233 0.00134 0.001244
1980 0.385352 0.336527 0.157641 0.053744 0.024012 0.014 0.009703 0.01171 0.003977 0.00153 0.001804
1981 0.383795 0.252006 0.204388 0.084686 0.032121 0.016395 0.009242 0.006501 0.006495 0.002498 0.001871
1982 0.390103 0.291211 0.162642 0.057931 0.042082 0.024068 0.012688 0.00675 0.004695 0.004732 0.003098
1983 0.557063 0.241708 0.0972 0.034215 0.021591 0.016728 0.012172 0.008272 0.00346 0.002887 0.004704
1984 0.551184 0.266588 0.095405 0.03319 0.017727 0.012048 0.008621 0.006011 0.004138 0.001596 0.003491
1985 0.448217 0.33922 0.117337 0.040633 0.019509 0.011802 0.008186 0.005926 0.003838 0.002703 0.002628
1986 0.420329 0.297455 0.176915 0.039325 0.024749 0.014938 0.008855 0.006274 0.004517 0.00287 0.003773
1987 0.464379 0.279772 0.120937 0.060618 0.02317 0.019479 0.011488 0.006966 0.004928 0.003407 0.004855
1988 0.499243 0.25452 0.124056 0.047438 0.029775 0.013739 0.011794 0.006941 0.004318 0.003071 0.005105
1989 0.441208 0.293985 0.137553 0.061045 0.022671 0.014991 0.008744 0.007562 0.004297 0.002746 0.005199
1990 0.576254 0.194624 0.121788 0.051883 0.023726 0.010711 0.00714 0.00417 0.003681 0.002123 0.0039
1991 0.394601 0.366561 0.105744 0.062049 0.033339 0.016194 0.007234 0.00479 0.002809 0.002586 0.004092
1992 0.275026 0.200935 0.266715 0.104528 0.070294 0.039174 0.018859 0.00812 0.005525 0.003163 0.007659
1993 0.398414 0.136801 0.098548 0.163723 0.084148 0.055622 0.030599 0.013807 0.005865 0.004261 0.008212
1994 0.81037 0.068876 0.026103 0.019911 0.033452 0.018844 0.011488 0.004716 0.00246 0.001128 0.002652
1995 0.395787 0.470583 0.038398 0.019317 0.01634 0.02716 0.015915 0.00831 0.002891 0.00204 0.003259
1996 0.551593 0.210796 0.140187 0.029296 0.01497 0.012088 0.018322 0.011562 0.005493 0.001921 0.003771
1997 0.377806 0.345072 0.117233 0.080113 0.019721 0.012682 0.011842 0.015311 0.010745 0.005075 0.004401
1998 0.61594 0.159247 0.082677 0.054318 0.041448 0.012261 0.007711 0.007105 0.008005 0.006265 0.005025
1999 0.623809 0.217285 0.056887 0.03836 0.02077 0.02074 0.006421 0.00339 0.003388 0.003871 0.005078
2000 0.592417 0.255205 0.069825 0.027915 0.02082 0.011545 0.010773 0.003721 0.001617 0.001787 0.004374
2001 0.761519 0.115109 0.055539 0.027171 0.012329 0.011851 0.005968 0.00494 0.002026 0.000766 0.002782
2002 0.417315 0.40802 0.069972 0.044911 0.023914 0.011817 0.010897 0.004837 0.003955 0.001795 0.002565
2003 0.212608 0.279247 0.318919 0.064467 0.056893 0.029584 0.013981 0.011715 0.004896 0.004107 0.003582
2004 0.666381 0.037388 0.072561 0.132514 0.030331 0.02847 0.014942 0.006934 0.005722 0.002056 0.002702
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Table 4 The estimated fishing mortality at age of bluefin tuna in the North
Pacific Ocean from 1960 to 2004 by the adaptive virtual population analysis.

year
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

age 0
0.276
0.195
0.299
0.316
0.219
0.157
0.305
0.308
0.244
0.166
0.358

0.19
0.192
0.224
0.297
0.181
0.273
0.289
0.309
0.257
0.199
0.189
0.257

0.22
0.195
0.262

0.26
0.218
0.156
0.167
0.131
0.911

0.52
0.283
0.452
0.441
0.504

0.44

0.53
0.521
1.166
0.602
0.683
1.105

0.79

age 1
0.415
0.802
0.897
1.112
0.716
0.785
1.337
0.902
1.032
0.745
0.756
1.038
0.927
0.593
0.465

0.7
0.982
0.747
0.792
0.515
0.273
0.351
0.875
0.412

0.53
0.503
0.753

0.43
0.242

0.23
0.289
0.554
0.534
0.184
0.493
1.022
0.621
1.005
0.517
0.762
1.052
0.476
0.528
0.714
1.581

age 2
0.253
0.886
0.483
0.861
0.645

0.56
1.045
0.563
0.907
0.227
0.378
1.223
0.348
0.742
0.621
0.226
0.392
0.507
0.338
0.558
0.396
1.174
1.337
0.557
0.563
0.945
0.924
0.553
0.336
0.323
0.353
0.248

0.31
0.127

0.21
0.081
0.594
0.345
0.256
0.339
0.471

0.19
0.363
0.245
0.283

age 3
0.082
0.087
0.046
0.251
0.431
0.099
0.659
0.096
0.293
0.208
0.213
0.217
0.145
0.159
0.14
0.178
0.175
0.576
0.101
0.289
0.289
0.613
0.765
0.14
0.241
0.348
0.382
0.328
0.365
0.293
0.121
0.111
0.039
0.116
0.107
0.066
0.43
0.235
0.449
0.238
0.344
0.106
0.045
0.121
0.353

age 4
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0.18
0.036
0.043
0.287
0.116
0.236
0.522
0.136
0.417
0.392
0.257
0.107
0.155
0.185
0.148
0.138
0.151
0.147

0.23
0.163
0.156
0.202
0.701
0.066
0.116
0.119
0.093
0.139
0.313
0.098
0.061
0.075
0.056
0.024
0.117
0.112
0.201
0.051

0.18
0.214
0.091

0.02
0.069
0.059
0.147

age 5

0.25
0.131
0.055
0.188
0.231
0.196
0.192
0.535
0.928
0.354
0.161
0.094
0.199
0.209
0.315

0.1
0.216
0.229
0.444
0.191
0.19
0.17
0.46
0.145
0.096
0.139
0.116
0.119
0.079
0.09
0.071
0.084
0.069
0.105
0.078
0.204
0.055
0.073
0.135
0.282
0.187
0.062
0.113
0.05
0.147

age 6
0.402
0.305
0.238
0.081
0.078
0.149
0.041
0.732
0.411
0.591
0.448
0.134
0.214
0.406

0.44
0.215
0.116

0.25
0.428
0.357
0.175
0.228
0.206
0.188
0.084
0.118
0.093
0.121
0.071
0.089
0.078
0.121
0.133
0.398
0.233

0.13
0.214
0.087

0.31
0.172
0.307
0.188
0.209
0.068

0.21

age 7
0.968
0.683
0.617
0.34
0.291
0.408
0.229
1.731
0.615
0.316
0.54
0.451
0.334
0.448
0.652
0.27
0.156
0.134
0.38
0.439
0.364
0.239
0.446
0.175
0.158
0.124
0.095
0.095
0.107
0.068
0.074
0.093
0.147
0.253
0.398
0.225
0.108
0.224
0.228
0.367
0.135
0.201
0.269
0.083
0.269

age 8
0.818
0.829
1.028
1.318
0.735
1.724
0.44
0.516
0.493
0.265
0.245
0.338
0.398
0.438
0.761
0.368
0.149
0.123
0.154
0.293
0.239
0.23
0.264
0.257
0.135
0.143
0.135
0.09
0.08
0.053
0.032
0.118
0.081
0.176
0.096
0.219
0.114
0.115
0.214
0.266
0.274
0.099
0.243
0.235
0.188

age 9
0.743
1.194
0.931
1.675
1.665
2.142
0.515
0.628
0.609
0.444
0.318

0.32
0.394
0.526
0.854

0.37
0.223
0.094
0.401
0.232
0.352
0.257
0.288
0.259

0.37
0.198
0.167
0.098

0.08

0.06
0.066
0.099
0.098
0.076
0.057
0.151
0.292

0.21
0.287
0.343
0.322
0.302
0.478
0.413
0.871

age 10 ¢
0.743
1.194
0.931
1.675
1.665
2.142
0.515
0.628
0.609
0.444
0.318
0.32
0.394
0.526
0.854
0.37
0.223
0.094
0.401
0.232
0.352
0.257
0.288
0.259
0.37
0.198
0.167
0.098
0.08
0.06
0.066
0.099
0.098
0.076
0.057
0.151
0.292
0.21
0.287
0.343
0.322
0.302
0.478
0.413
0.871



Table 5 The estimated abundance at age in number of bluefin tuna in the North

Pacific Ocean from 1960 to 2005 by the adaptive virtual population analysis.

year age 0 age 1 age 2 age 3 age 4 age 5 age 6 age 7 age 8 age 9 age 10 plus
1960 3523862 1122273 364200 461434 522014 359587 181659 39632 6790 2791 4103
1961 4271396 1980096 548748 209599 314881 323103 207409 90044 11152 2220 2430
1962 2751985 2603402 657547 167655 142376 225013 209990 113281 33681 3607 1044
1963 4646434 1511134 786569 300464 118654 101024 157849 122655 45285 8928 1358
1964 4036959 2510265 368371 246455 173240 65941 61991 107845 64666 8982 1428
1965 3306268 2401807 908403 143188 118639 114265 38777 42467 59745 22971 1460
1966 2689475 2092510 811915 384338 96068 69399 69615 24744 20915 7892 2124

1967 3021503 1468395 407055 211489 147272 42218 42439 49497 14572 9976 4434
1968 2692167 1645198 441366 171734 142270 95210 18325 15127 6495 6446 5698

1969 3320823 1562783 434239 131945 94865 69448 27879 8997 6060 2938 4892
1970 1973625 2083623 549760 256271 79425 47494 36114 11434 4861 3443 3721
1971 3895607 1022619 724507 279096 153389 45496 29940 17102 4934 2818 3861
1972 4815792 2387447 268297 157997 166392 102064 30681 19407 8073 2606 3592
1973 4745424 2943874 700071 140382 101296 105585 61993 18344 10292 4018 3096
1974 4127543 2810513 1204892 246945 88689 62338 63484 30598 8680 4918 3114
1975 2813208 2273061 1307915 479586 159076 56646 33713 30303 11811 3006 2534
1976 2677978 1738811 835866 772732 297361 102703 37983 20151 17142 6057 2836
1977 4402042 1510132 482340 418364 480552 189421 61290 25062 12770 10936 5269
1978 4238364 2442821 530016 215112 174253 307447 111553 35378 16233 8362 10927
1979 3801252 2304922 820033 279908 143991 102547 146095 53869 17918 10305 9566

1980 2493411 2177487 1020010 347750 155369 90585 62780 75769 25732 9902 11675
1981 2304809 1513377 1227416 508565 192898 98456 55503 39043 39004 15003 11237
1982 1892608 1412826 789070 281058 204162 116765 61558 32746 22780 22960 15028
1983 2499335 1084453 436101 153510 96870 75052 54613 37114 15524 12954 21104
1984 3073312 1486450 531964 185061 98841 67180 48072 33516 23074 8897 19467
1985 2476132 1873990 648217 224474 107778 65198 45224 32736 21205 14930 14520
1986 1994364 1411354 839423 186586 117430 70878 42017 29770 21433 13617 17900
1987 1890211 1138786 492263 246741 94312 79288 46760 28354 20060 13866 19761
1988 2208513 1125927 548788 209853 131715 60776 52172 30707 19102 13587 22585
1989 2099886 1399194 654669 290537 107901 71346 41618 35989 20450 13067 24745
1990 3898063 1316531 823830 350965 160493 72456 48300 28205 24898 14364 26380
1991 2726318 2532583 730591 428698 230344 111886 49982 33095 19410 17866 28270
1992 1111635 812166 1078044 422495 284125 158339 76227 32821 22332 12785 30957
1993 1425924 489610 352705 585965 301167 199072 109514 49416 20990 15250 29391
1994 9367833 796206 301752 230168 386699 217833 132803 54511 28435 13045 30659
1995 3712803 4414453 360207 181208 153280 254781 149292 77953 27121 19138 30575
1996 4631946 1770137 1177208 246008 125709 101507 153855 97093 46129 16133 31667
1997 2270218 2073521 704450 481394 118503 76203 71160 92006 64564 30493 26445
1998 4190649 1083460 562508 369559 281998 83417 52462 48339 54460 42624 34190
1999 5247848 1827930 478569 322706 174733 174478 54019 28517 28502 32567 42722
2000 5362185 2309958 632012 252672 188452 104494 97506 33684 14633 16176 39595
2001 8192729 1238385 597513 292320 132643 127496 64204 53150 21795 8239 29928
2002 3399961 3324233 570081 365901 194836 96278 88778 39412 32220 14624 20901
2003 968512 1272077 1452796 293670 259167 134768 63690 53367 22303 18711 16319
2004 4235942 237662 461244 842345 192804 180972 94981 44074 36374 13067 17175
2005 4235942 388138 36245 257553 438260 123300 115733 57031 24960 22328 9379
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Table 6 The reproductive values by age from 1960 to 2004.

year

1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

age 0
1.226015
0.646908
0.906393
0.319373
0.655329
0.792009

0.14196
0.381089
0.16108
0.786265
0.738499
0.412377
1.008165
0.742976
0.762586
1.595463
1.020902
0.729594
0.7665
0.934655
1.687755
0.530307
0.098583
1.75067
1.552158
0.9092
0.76525
1.638915
2.292756
3.127357
3.753917
1.326288
2.038963
3.186537
1.838074
1.267292
0.7678
1.040078
0.94539
0.7301
0.278636
1.925346
1.225674
0.89257
0.265697

age 1
8.002621
3.894046
6.053988
2.169734
4.040555
4.589712
0.953887
2.568388
1.018308
4.597619

5.23237
2.469913
6.050447
4.603922
5.083296
9.470331
6.643816
4.824623
5.171072
5.985993
10.20012
3.173075
0.631376
10.80489
9.343174
5.852154
4915764
10.09494

13.2733
18.30526
21.19573

16.3362
16.98688
20.94573
14.30656

9.756
6.295114

7.99883
7.955329
6.088649
4.428894
17.41106
12.01903
13.34778
2.899679

age 2
26.97119
19.32595
33.03994
14.68174
18.40058
22.39454
8.083218
14.08737
6.360728
21.55351
24.80051
15.52083
34.02624
18.53959
18.01059
42.44308
39.47575
22.66297

25.4084
22.29633
29.82656
10.03121
3.370787
36.30656
35.32695
21.53781
23.23006
34.53711
37.62822
51.27423
62.97891
63.26826
64.48556
56.03266
52.12883

60.3332

26.0697
48.63266
29.69094

29.0328
28.22336
62.37133
45.35367
60.66397

31.3621

age 3
28.86029
42.13343

50.0107
31.57343
32.02
35.60762
20.34986
19.03182
10.76228
21.53904
31.35528
49.89923
43.55781
33.21764
27.22779
49.85048
57.20817
36.61091
29.6924
34.65553
40.6841
29.8989
9.796886
61.55321
61.69788
55.43062
59.92179
62.21491
54.8708
76.02005
97.4895
85.24673
92.62238
62.88497
64.57738
64.20786
46.51413
69.94858
35.43993
36.37207
42.10963
75.7191
61.9858
78.68914
38.2636

age 4
36.4916
55.33399
63.36627
49.00013
60.66359
46.8667
48.05638
23.2475
15.47997
30.52138
46.04073
75.45508
60.57954
46.31443
36.69121
7231122
82.40817
79.04092
38.134
55.53843
65.9087
67.5152
24.78098
85.94199
96.30417
95.89464
107.3401
104.839
95.63957
123.6543
133.2547
115.3247
116.3813
84.82779
86.18276
82.3758
87.65354
108.1484
67.65846
55.37838
72.38492
102.7941
78.71706
109.1757
66.91816
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age 5
42.46191
57.84126
69.28283
71.50899
72.85847
63.21896
95.08303
19.89952
19.46574

47.4489
64.65465
94.39842
77.69503
58.34049
40.54054
93.49994
111.5446
106.8604
49.28096

71.3136
86.13108
94.54439
57.01519
104.5609

126.214
127.2552
140.0544
145.0894
161.3364
166.1923
172.5355

149.095
147.1817
98.54717
113.4119
106.4327
126.6232

133.634
91.96204
75.97041
88.28335

120.798
93.95641
135.0193
85.65816

age 6
32.28165
42.17134
48.14174
70.67141
79.41265
58.93184
107.9526
15.25721
44.07123
52.80423
56.28246
89.06101
82.02811
53.01816
35.97697
88.85113
138.7273

133.995
67.57253
70.8209
93.67729
103.0246
85.38813
113.3057
134.3839
145.6106
158.8163
166.8343
179.4276
189.2193
192.7198
163.679
157.2738
96.93307
112.6306
128.0865
125.9312
139.5529
92.82471
92.7889
96.48815
119.4996
91.80962
136.1781
85.585

age 7
17.72749
24.72125
26.30943
37.42441
49.08094
30.86099
80.95114
8.933307
4151716
85.82077
70.86802
72.92646
77.07737
58.11308
29.14403
88.12358
141.1602
169.4259
90.01552
83.68149
87.78282
113.5229
80.91036
120.7909
126.8799
151.6236
163.5506
183.1887
185.7536
205.0878
206.3727
178.6161

172.784
140.8979
130.1889
129.2391
146.9018
134.8663

114.01
85.83204
119.7718
130.3889
91.63827
125.3865
81.97699

age 8
27.50435
19.73094
16.55511
6.758937
20.50213
2.830002

62.8058
49.64912
52.45627
88.91823
106.4089
92.63143
77.09501
62.25685
27.35526
83.06685

138.826
174.0899

110.642
111.6426
102.8923

117.909
107.6391
113.1075
117.9212
144.9832
153.3109
181.0397
188.7534
202.1225
206.0725
173.9239
183.3036
166.7226
191.5532
139.6597
133.5196
148.4234
115.9261
99.94179

101.441

134.881

88.7594
96.37467

72.5251

age 9

33.38595
11.914
21.61859
4.134672
4.225137
1.525612
57.15303
43.71972
45.72487
67.73614
91.84492
91.39933
76.40014
55.67432
25.80666
80.96157
115.8437
159.3413
75.12077
113.313
84.56827
106.5809
98.807
106.0606
80.96157
123.1869
132.9708
157.7641
164.9921
173.4287
170.8516
157.3723
157.7641
166.6446
174.7324
138.3337
97.84782
119.6035
99.04832
86.43399
90.956
95.49205
62.43433
72.97923
24.81455

age 10+

80.76107
51.44406
66.91981
31.80091
32.12052
19.93536
101.4428

90.6037
92.34163
108.9071
123.5314
123.2845
114.4909

100.333
72.27621
117.2719
135.8424
154.5465
113.6922
134.6253
119.4019
131.3013
127.2935

131.039
117.2719
139.2812
143.6666
153.9296
156.7254
159.8914

158.935
153.7757
153.9296
157.3535
160.3718
145.9837
126.7853
137.6198
127.4208
120.4814
123.0382
125.5238
105.2665
112.3361

71.0579
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Fig. 1 The estimated total abundance in number (red, in 1,000,000) and
spawning stock biomass (blue, in 10,000,000 t) by the adaptive virtual

population analysis.
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Fig. 2 The annual reproductive values (10,000,000) of North Pacific bluefin

tuna from 1960 to 2004.
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