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in the western and central Pacific Ocean

Chi-Lu Sun, Mark Maunder, George Watters, and Su-Zan Y eh
Abstract

An age-structured statistical catch-at-length analysis (A-SCALA) is applied to the
bigeye tuna population in the western central Pacific Ocean (WCPO). The results
suggest that the biomass at the start of 2002 is below the level that is required to
produce maximum sustainable yield (MSY) and will reduce under average conditions
and recent effort levels. The recent average weight of bigeye in the catch is much lower
than the weight which would maximize yields suggesting that reallocation of effort
from fishing methods that capture small bigeye to methods that capture large bigeye
would substantialy increase yields. Thisis aso supported by MSY calculations carried
out separately for each method type. The results of the analyses are very sensitive to the
Indonesian fisheries, which catch alarge number of small bigeye. Unfortunately, the
amount and size structure of the catch from the Indonesian fisheriesis highly uncertain
and more data from these fisheries should be a priority for the management of igeye
tuna in the WCPO.

1. Introduction

Bigeye tuna (Thunnus obesusLowe, 1839) are a commercially important species
of tunainhabiting the warm waters of the Atlantic, Indian, and Pacific Oceans. Adult
bigeye tuna are caught mainly by longlines, but substantial numbers of juveniles are
taken by purse seines (Sun et d., 2001).

In the western and central Pacific Ocean (WCPO), the area west of 150° W, bigeye
tuna are taken by both surface gears (mostly as juveniles) and longline gear (as valuable
adult fish). The longline catch has been typically 40,000-65,000 mt in the WCPO and
reached a record high of 68,000 mt in 2000 (Hampton et al., 2001). In contrast, the
purse seine catches of bigeye tuna in the WCPO are estimated to have been less than
20,000 mt per year up to 1996, mostly from sets on natural floating objects (Hampton et
a. 1998). In 1999, that catch was the highest ever, dmost 35,000 mt, but decreased to
28,800 mt in 2000 with reduced fishing on drifting FADs (Hampton et a. 2001). The
total WCPO bigeye tuna catch in 1999 was arecord 117,000 mt (including Indonesian,
14,800 mt, and the Philippines, 6,200mt) with asimilar catch recorded in 2000
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(115,000 mt) (Hampton, 2002).

Maunder and Watters (submitted) devel oped an age-structured statistical catch-at
length analysis (A-SCALA) following the MULTIFAN-CL method of Fournier et al.
(1998) and applied this method to yellowfin, bigeye, and skipjack populationsin the
eastern Pacific Ocean (EPO) (Watters and Maunder 2001, Maunder and Watters 2001,
Maunder and Watters 2002a). For more details of this analysis, readers are referred to
Maunder and Watters (submitted). The purpose of this study is to assess the bigeye
population in the WCPO by using the A-SCALA method. This paper is an update of
Sun et al. (2001).

2. Materials and methods
2.1. Fishery data and biological information
2.1.1. Fishery data

Four regions and 15 fisheries are described and defined in Table 1 based on
Hampton (2002). These fisheries are used to group the fishery data that have similar
characteristics (selectivity and catchability). The fisheries are based on fishing method
and region (Hampton et al. 2002). Catch, effort, and size-composition data for the time
periods described in Table 1 were used to conduct the stock assessment of bigeye tuna
in the WCPO. All data are summarized and analyzed on a quarterly basis. Catch isin
numbers for the longline fisheries and in weight for the other fisheries. Effort for the
longline fisheries was standardized using the habitat based method (Bigelow et al.
2002), for the Philippines and Indonesian fisheries was unknown, and nominal effort
was used for all other fisheries.

2.12. Biological parametersused
2.1.2.1. Growth

Sun et al’s (2001) estimates of von Bertalanffy growth parameters (Lg=208.7 cm,
K=0.201/yr) (Figure 1) for WCPO’s bigeye tuna were used in current stock assessment.
Variation in lengthrat-age was calculated by fitting a von Bertalanffy model with the
standard deviation of the process error alinear function of mean lengthto Suneta.’s
(2001) age-length data.

The following weight length relationship, from Sun et al (2001), was used to
convert length to weights in the current stock assessment:

W - 3' 10—5FL2.9278



wherew = weight in kilograms and Fl = length in centimeters.

2.1.2.2. Reproduction

The sex ratio by age (i.e. age-specific proportions of female) and batch fecundity
used in the current assessment are from Sun et al. (1999).

2.1.2.3. Natural Mortality

The quarterly natural mortality rate was the same as used for the assessment of the
eastern Pacific Ocean stock of bigeye tuna (Figure 2, Watters and Maunder 20018).
This mortality schedule was derived by assuming that M isrelatively high for young
(small) bigeye and that observed changes in size-specific sex ratios indicate increased
M for older females. The natural mortality curve was estimated by fitting to some of the
natural mortality estimates of Hampton (2000) and the sex-ratio data provided by
Hampton et al. (1998).

2.2. Methods

An age-structured population dynamics model and information contained in catch,
effort, and size-composition data are used to assess the status of the bigeye tuna stock
in the WCPO. The modd is described by Maunder and Watters (submitted), and readers
are referred to that manuscript for technical details. The following is a general
description of the model and follows the description in Watters and Maunder (20004).
The stock assessment model, termed an age-structured statistical catch-at-length
analysis (A -SCALA), is based on the method described by Fournier et al. (1998). The
term “statistical” indicates that the method implicitly recognizes that data collected
from the fisheries do not perfectly represent the population; there is uncertainty in our
knowledge about the dynamics of the system and about how the observed data relate to
the real population. The assessment model uses quarterly time steps to describe the
population dynamics. The parameters of the stock assessment model are estimated by
comparing the predicted caches and size compositions to data collected from the
fishery. After the parameters of the model have been estimated, the model is used to
estimate quantities that are useful for managing the stock.

TheA -SCALA method includes several features that increase the ability of the
assessment model to make predictions that are in agreement with the observed data (j.e.
to provide a good fit). The A -SCALA method recognizes that, from quarter to quarter,
there are shortterm, random changes in the relationship between fishing effort and
fishing mortality. The A-SCALA method also recognizes that there is temporal
variation in recruitment and that different fishing methods usually catch fish of different



ages. The A-SCALA method includes the assumption that fishing mortality rates can be
separated into an age-specific effect (selectivity) and atemporal effect (catchability). It
is assumed that the age-specific effect is constant over time.

Unlike cohort analysis, the A-SCALA method does not require size-composition
data from every fishery in every time period. The A-SCALA method uses a population
dynamics model to predict the size composition of the population during times when
there are no data. This method recognizes that the size-composition data collected
froma single fishery do not perfectly represent the sizes of fish in the catch of that
fishery. This assumption is consistent with the fact that the size-composition datais
usually collected from a very small proportion of the fish that are caught. Because the
size-composition data are from small samples of the catch, there will be times when the
observed size-composition data are considerably different from those predicted by the
assessment model.

Since fisheries data are complex, the ways in which the stock assessment model is
allowed to fit to the observed data are constrained. The model is fitted to the observed
data by finding a set of population dynamics and fishing parameters that maximize the
likelihood of having observed the catch and size-composition data, given the amount of
fishing effort expended by each fishery. This likelihood is calculated under a set of
constraints. The following list identifies some of the important constraints that are used
to fit the assessment model to the observed data on bigeye tuna:

1. If afishery can catch fish of a particular age, it should also be able to catch fish that
are of somewhat lesser and greater ages.

2. Bigeye tuna should become more vulnerable to longlining as they age, and the
oldest fish should be the most vulnerable to this gear.

3. There are random events that can cause the relationship between fishing effort and
fishing mortality to change dightly from quarter to quarter.

4. The datafor fisheries that catch bigeye tunain the Phillipines and Indonesia
(Fisheries 6-8) provide relatively little information about biomass levels and that the
data for the longline fisheries with the most fishing effort (Fisheries 2 and 3)
provide the most information about biomass levels. The other fisheries provide an
intermediate level of information about biomass levels (the standard deviations on
the effort deviations are given in Table 1).

It isimportant to note that the assessment model can, in fact, make predictions that
do not adhere strictly to constraints above. The constraints are designed so that they can
be violated if the observed data provide good evidence against them.
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There are large amounts of length-frequency data available for many of the
fisheries. Much of the length-frequency data are not independent estimates of the
length-frequency of the catch for each fishery. This is because bigeye tuna are often
found in schools that are comprised of bigeye of similar size. For example, a sample
form a purse seine set may only be equivaent to a single fish sampled because all the
bigeye come from a single school. In addition, there are other processes, such as annual
variation in growth, that are not modeled which cause differences in length-frequencies.
To reduce the amount of weight that the length-frequency data has on the mode fit we
rescale the sample sizes so that the mean sample size for the non-longline fisheries is 20
and then truncate the sample sizes to have a maximum of 10. To be consistent we
independently apply the same method to the longline length-frequency data.

The following parameters have been estimated in the current stock assessment of
bigeye tuna from the WCPO:

1. recruitment in every quarter from the first quarter of 1962 through the first quarter
of 2002 (This includes estimation of average recrutment, recruitment anomalies,
and an environmental effect.);

2. catchability coefficients for the 15 fisheries that take bigeye from the WCPO,;
3. selectivity curvesfor the 15 fisheries;
4. initial population size and age-structure.

The parameters in the following list are assumed to be known for the current stock
assessment of bigeye tunain the EPO:

1. natural mortality at age (Figure 2);

2. sexratio at age (Sun et al. 1999);

3. age-specific fecundity schedule (Sun et al. 1999);
4. average lengths at age (Sun et a. 2001; Figure 1);
5. amount of variation in length at age (Figure 1);

It is important to recognize that there is uncertainty in the results of the stock
assessment. This uncertainty arises because, as previously mentioned, the data collected
from fisheries do not perfectly represent the population of bigeye tunain the WCPO.
Also, the stock assessment model may not perfectly represent the dynamics of the
bigeye population nor of the fisheries that operate in the WCPO. Uncertainty is
expressed as 95% confidence intervals around estimates of recruitment and avalue



termed the spawning biomass ratio. The confidence intervals have been estimated under
the assumption that the stock assessment model perfectly represents the dynamics of
the system. Since, this assumption is not likely to be true, these values may
underestimate the amount of uncertainty in the results of the current stock assessment.

3. Results
3.1. Fishing mortality

There have been important changes in the amount of fishing mortality on bigeye
tunain the WCPO. On average, the fishing mortality on bigeye tuna has increased since
1980 (Figure 3). The increase in average fishing mortality can be attributed to the
expansion of purse seine fisheries (Fisheries 6-11) and Philippines and Indonesia
fisheries (Fisheries 12-14). The floating object fisheries (Fisheries 6, 7, 9, and 10), and
the Indonesian fishery (Fishery 14) catch substantial amount of small bigeye, selecting
fish that are around 4-8 and 2 3 quarters old, respectively (Figure 4). The school and
Phill ipines fisheries (Fisheries 8, 11-13 ) select fish that are about 12 to 28 quarters old
(Figure 4). The selectivity for the longline fisheries (Fisheries 1-5 and 15) was assumed
to be monotonically increasing and therefore is most selective for the oldest bigeye.
Tempora trends in age-specific amount of fishery mortality on bigeye tuna are
illustrated in Figure 5. The increase in fishing mortality rate on small fish due to the
increase in effort from the floating object fisheries and the Indonesian fisheryis clearly
seen for ages 25 quarters. Temporal trendsin catchability are shown in Figure 6. The
most remarkable trends are seen in fisheries 3 and 15. Fishery 3, alongline fishery, isa
main component of the catch and its downward trend in catchability may indicate that
the population trend in region three may show a higher decline than the overall
population. Fishery 15, the Australian longline fishery, is only a small component of the
catch.

3.2. Recruitment

The estimated time series of bigeye recr uitment is shown in Figure 7. The
recruitment estimates show an increase trend in recruitment since 1980 with
particularly large recruitments since 1995. The cause might be related to environmental
variation or other factors, such as increasing catchability in the surface fisheries, and
need to be further investigated.

3.3. Average weights of fish in the catch

Trends in average weights of bigeye captured by the fisheries that operate in the
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WCPO are shown in Figure 8. In general, there is downward trend of the average
weight of bigeye taken by longline fisheries (Fisheries 1-5 and 15) since the early
1970s except for the most recent few years that have shown an increase in the average
weight. Similar trends have been seen in the other fisheries.

3.4. Spawning biomass ratios (SBRs):

A time series of spawning biomass ratio (SBR, the spawning biomass as a ratio of
the spawning biomass in an unexploited population) estimates for bigeye tunain the
WCPO is shown in Figure 9. At start of 1962, the SBR was about 0. 44 (Figure 9, bold
line) dightly lower than the spawning biomass required to produce MSY (Susy/So=
0.45, dashed horizontd line), then the SBR increased to around 0.6 in the 1970s. The
SBR declined during the 1980s and fluctuated around Sy sy during the early 1990s. The
SBR increased in the late 1990s, but fluctuated widely. The estimate of SBR at the start
of 2002 is lower than Sysy/Sp.

Estimates of the average SBR projected to occur during from 2002 to the start of 2007
are also presented in Figure 9. The projection results indicate that, under average effort
over the last two years and average recruitment, SBR is likely to be below Susy/So in
five years (see Section 3.7 for more details).

35.Yied per recruit

Watters and Maunder (2001) defined the critical age as the age when the gains due
to growth exactly balance the losses due to natural mortality. The critical age can be
converted to a“critical weight” by using a growth curve and a weight-length
relationship. The critical age and critical weight for bigeye tunain the WCPO are
estimated to be about 14 quarters and 32.5 kg, respectively (Figure 10) . Watters and
Maunder (2001) also mentioned that if the average weight in catch is close to the
critical weight the fishery is probably close to achieving the objective of maximizing
the yield per recruit. In figure 10 (bottom panel), the average weight was above the
critical weight during the period of 1962-1980. The large drop in average weight in
1970 corresponds to the initiation of the Indonesian fishery. The estimate of average
weight of combined catch isincreasingly lower than that of critical weight after 1980
(the period during which the surface fisheries start to expand) and suggests a sub
optimal performance from ayield —per recruit perspective. The average weight of
bigeye taken by the longline fisheries has generally been greater than the critical weight
(32.5 kg) for the whole time period. The average weight of bigeye taken by the other
fisheries have been lower than the critical weight.



3.6.Maximum Sustainable Yield (M SY)

Maximum Sustainable Yield (MSY) is estimated to be equal to 57,400 mt per year.
The current catch is much larger (95% more) than MSY and the effort levels need to be
decreased by 39% to obtain MSY. The current spawning biomassis 73% of the
spawning biomass required to produce MSY . This is because the spawning biomass
required to produce MSY is large relative to the unfished spawning biomass (45%).

If fishing mortality is proportional to fishing effort, and the current patter ns of
age-specific selectivity (Figure 4) are maintained, the level of fishing effort that is
estimated to produce MSY is about 61% of the current level of effort. Decreasing the
effort to 61% of its present level would increase the long —term average yield by 8%,
but such an action would increase spawning potential of stock by about 61% (Figure
11).

It is interesting to note that the equilibrium catch under current longline effort,
assuming no other fishing, is 84,000 mt. This can be increased to 93,500 mt (S'So=
0.38) if the longline effort is increased by 3.3 times. Increasing longline effort by this
amount may not be redlistic. However, due to the flat yield curve, asmaler increasein
longline effort would achieve ayield smilar to alongline only MSY.

3.7. Projections

The effort used in the projections for 2002-2006 is the average effort by fishery
over the period 2000 and 2001. i.e. the effort assumed the same. The predicted catches
taken by the longline fleet is shown in Figure 12. These projections suggest that catches
will decrease to levels similar to those in the late 1980s early1990s. The predict catches
taken by the purse seine fisheries are shown in Figure 13. The catch is predicted to
initially increase and then decrease. The projection of SBRs for 2002 to the start of
2007 are shown in Figure 14. As mentioned before (in Section 3. 4), the projection
results indicate that SBR islikely to increase then decrease to alevel similar to the start
of 2002.

4. Discussion

Thisis an aternative assessment of the WCPO bigeye tuna stock using the
A-SCALA method (Maunder and Watters submitted). The results from this analysis
should be compared to the results from the WCPO (Hampton 2002) and pacific wide
assessment (Hampton et al. 2001) using the MULTIFAN-CL approach (Fournier et a.
1998). The main differences between A-SCALA and MULTIFAN-CL arel) A -SCALA



does not include spatia structure in the population dynamics and 2) A-SCALA does not
include tagging data. Comparison analyses show that when MULTIFAN-CL is
configured to have the same assumptions as A -SCALA, the two methods produced
similar results (John Hampton pers. com.). Therefore any differences in the results can
probably be attributed to the spatia structure or the tagging data. However, we do use
smaller length-frequency sample size, and different growth and natural mortality
parameters.

One of the important results of this analysisis that the increasing catches from the
Indonesian fishery (Figure 15) have a substantial influence on the yields of the other
fisheries. Thisis because the catch is comprised of very small bigeye and therefore,
from ayield- per-recruit perspective, much of the potential yield from individual growth
is lost. In addition, these bigeye tuna are captured before they mature, which decreases
the spawning biomass. Unfortunately, the catch and age-specific selectivity from the
Indonesian fishery and the rate of natural mortality for small bigeye are highly
uncertain. In addition, there are only three years of catch-at-length datafor this fishery
which is a mixture of gears. Therefore, the impact of the Indonesian fishery is
potentially high, but very uncertain. More data is needed for the Indonesian fishery and
this should be a priority for management of bigeye tunain the WCPO.

The high Susy/So is due to having a high fishing mortality on young bigeye and a
high fishing mortality on old bigeye, but a low fishing mortality on intermediate bigeye.
Therefore, the fishing mortality has to be low to alow the bigeye to grow and to be
caught at an older age to maximize the yield per recruit. If there was only a high fishing
mortality for young fish then the Susy/So would be low due to the absence of a stock
recruitment relationship (i.e. spawning biomass is not important) and because bigeye
that are allowed to escape the fishery on young fish would not be caught at high enough
levels at older ages to produce high yields. Alternatively, if there are high fishing
mortality rates only for older bigeye, the fishing mortality rates at MSY would be high
on these individuals because they are older than the critical age (i.e. more biomassis
lost from natural mortality than gained from growth so they should be caught). In this
case, Susy/So would also probably be less than the currert estimated level. The current
levelsof MSY and Smsy/So are highly dependent on the Indonesian fishery. This
indicates that MSY and Sysy/Sp are not useful management tools unless the distribution
of effort among fishing methods is taken into consideration (Maunder in press). The
MULTIFAN-CL assessment (Hampton 2002) does not have this large senditivity to the
Indonesian fishery. The insengitivity is because of 1) the spatial structurein
MULTIFAN-CL, 2) the independent estimates of recruitment for each region, and 3)
that the fishing mortality for yield calculations is made over a larger number years and
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ignores the most recent year in the average. This indicates that interactions between the
fisheries, particularly with the Indonesian fishery, may be deperdent on movement of
bigeye among the regions. Unfortunately, there is little information on the movement of
bigeye tuna.

Recruitment has been predicted to increase over time. This increasing recruitment
corresponds to increased catch from the surface fisheries. Similar correlations have
occurred in the EPO bigeye and yellowfin tuna stock assessments (Watter and
Maunders 2002; Maunder and Watters 2002b). The A -SCALA and MULTIFAN-CL
stock assessment methods trade- off trends in catchability with trends in recruitment.
Therefore, it is difficult to know if the trend in recruitment is not a consegquence of a
trend in catchability in the surface fisheries.

The analysis does not include a stock recruitment relationship. Maunder and
Watters (2002b) showed that including a stock recruitment relationship for yellowfin
tunain the EPO increased the reference point Smsy/Sp and reduced the effort level
required to achieve MSY . Therefore, because the estimate of current biomass is usually
independent of the stock recruitment relationship when there are lots of
length-frequency data, including a stock recruitment relationship will change the
relative position of the current biomass in relationship to this reference point.
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Table 1. Regions and fisheries of the ASCALA mode for the bigeye tunain the
western and central Pacific Ocean, 1962- 2001 (based on Hampton 2002).

DEFINITION OF REGIONS
20N-40N, 120E150W
20N-10S, 110E-160E
20N-10S, 160E-150W
10S40S, 140E-160E
10S40S, 160E-150W

Region 1
Region 2
Region 3
Region 4
Region 5

DEFINITION OF FISHERIES

Fishery | Description Region | Effort Catch data Effort data L ength-frequency
standard data
deviation

1 Longline 1 0.5 1962-2000 1962- 2000° 19652000

2 Longline 2 0.2 1962-2000 1962- 2000° 1965-2000

3 Longline 3 0.2 1962-2000 1962-2000° 19652000

4 Longline 4 0.5 1962-2000 1962-2000° 19652000

5 Longline 5 0.5 1962-2000 1962- 2000° 19652000

6 Purse seine 2 0.5 1980-2001 1980-2001 19882001

Log sets
7 Purse seine 2 0.5 1985-2001 1985- 2001 1988, 1993 2000
FAD sets

8 Purse seine 2 0.5 1980-2001 1980-2001 1988-2000

school sets

9 Purse seine 3 0.5 1981-2001 1981-2001 19882001

Log sets
10 Purse seine 3 0.5 1987-2001 1987-2001 1989 1991,
FAD sets 19932001

11 Purse seine 3 0.5 1982-2001 2982-2001 1989-2001

school sets

12 Phillipines 2 2 1970-2000" None” 19801987,

other gears 19931994

13 Phillipines 2 2 1970-1997" None’ 19801987,

handline 19931994

14 Indonesia 2 2 1970-1999" None” 19901992

15 Australian 4 0.5 1986-2001° 1986-2001° Non€

longline

Yannual data only
Zonly quarters 1 and 2 of 2001, effort data for quarters 3 and 4 equal to 2000

%effort data for 2001 equal to that for 2000

“effort data based on? And for 2001 equal to 2000

Seffort data based on? And for 1998 2001 equal to 1997
Seffort data based on? And for 2000-2001 equal to 1999
"selectivity for this gear set equal to that for fishery 4

13




150

100

Mean Length (cm)

50

[ [ [ [ [ [ [ [ { I
4 8 12 16 20 24 28 32 36 40

Age (quarters)

Figure 1. Mean length-at-age from Sun et al. (2001) used in the assessment. The
shaded area represents the variance of length-at-age (+ 2 sd). The circles
represent the dorsal spine data from Sun et a. (2001).
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Figure 2. Quarterly age-specific natural mortality used in the assessment (from
Watters and Maunder 2001).
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Figure 3. Average annua fishing mortality at age over two time periods. The earlier

time period represents the time period before the floating object fisheries had
been devel oped.
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Figure 6a. Time specific estimates of catchability for the longline fisheries.
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Figure 6b. Time specific estimates of catchability for the surface fisheries.
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Figure 7. Quarterly estimates of recruitment scaled so the average is equa to 1.0.
The shaded area represent approximate 95% confidence intervals.
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Figure 9. Estimated time series of spawning biomass ratios. The horizontal dashed
line represents the spawning biomass ratio that would produce maximum
sustainable yield under the current effort distribution. The shaded area
represent approximate 95% confidence intervals.
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Figure 10. Representations of the critical age and critical weight (top panel) and the
average weight of fish in the catch (bottom panel). The critical weight is
drawn as a vertical dashed line in the top panel and as a horizontal dashed
line in the bottom pand.
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Figure 11. Relative yield for different levels of fishing mortality as a proportion
of the current fishing mortality (top panel). Relative population fecundity for different
levels of fishing mortality as a proportion of the current fishing mortality (bottom
panel).
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Figure 12. Projected longline catch.
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Figure 13. Projected catch from the purse seine fisheries.
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Figure 14. Projected spawning biomass ratio.
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Figure 15. Quarterly catch for the 15 fisheries.
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