
Not to be cited without ~ermission of the author(s1 

New Zealand Fisheries Assessment Research Document 93/16 

The implications of some multiple stock hypotheses for Chatham Rise orange roughy 

Andre E. Punt 
School of Fisheries WH-10 
University of Washington 
Seattle, WA 98195 
USA 

November 1993 

MAF Fisheries, N.Z. Ministry of Agriculture and Fisheries 

This series documents the scientific basis for stock assessments and fsheries 
management advice in New Zealand. It addresses the issues of the day in the current 
legislative context and in the time frames required. The documents it contains are not 
intended as definitive statements on the subjects addressed but rather as progress 
reports on ongoing investigations. 



The implications of some multiple stock hypotheses for Chatham Rise orange roughy 

Andre E. Punt 
School of Fisheries WH- 10 
University of Washington 

Seattle, WA 98195 
USA 

1. EXECUTIVE SUMMARY 

1. The sensitivity of the Chatham Rise orange roughy stock assessment to some 
hypotheses about the number of stocks and the rates of mixing between them is 
evaluated. Prior distributions are specified for the average unexploited equilibrium 
sizes for all the stocks rather than assuming that all stocks are all equally depleted. 
The multiple-stock hypotheses considered were based on suggestions made by 
MAF and industry scientists. The prior distributions selected are all at least as 
optimistic as that underlying the current single-stock assessment. 

2. There is little information on the trend in abundance for areas other than the "box". 
The results of the stock assessment are thus strongly influenced by the assumptions 
made in this regard. 

3. . The posterior distribution for Bo is little different from the specified prior, and the 
estimate of Bo (the mean of the posterior distribution) is close to the mean of the 
prior. This implies that the estimates of Bo are almost completely determined by 
the priors. 

4. The estimates of current biomass and current depletion are sensitive to the 
assumptions regarding the number of stocks on the Rise, the extent of mixing, the 
priors, and how the 1992 data are treated. The status of the resource (i.e., 
Blgg2/Bo) as a whole is least optimistic if it is assumed that there is a single-stock 
on the Rise or that there are multiple stocks, but the extent of movement into the 
"box" is high. Assuming that there are two (or more) stocks, and a fairly low rate 
of mixing into the "box", increases the estimated current depletion of the resource 
as a whole. However, a multiple-stock assumption leads to a less optimistic 
appraisal of the status of a stock which is based in the "box". 

5. Assuming prior distributions for the rate of natural mortality, M, and the extent of 
recruitment variability, Or, instead of choosing fixed values increases the estimate 
of the unexploited equilibrium.size of the resource, and reduces the estimated 
current biomass as a fraction of its initial size. 



2. INTRODUCTION 

Francis et al. (1992, 1993) assessed the orange roughy (Hoplostethus atlanticus) resource 
on the Chatharn Rise using the "enhanced" stock reduction analysis approach. The results 
of these assessments were used to evaluate the consequences of alternative management 
actions. The assessments assumed that the resource consists of one stock only and that the 
surveys in the "survey box" index the abundance of the entire resource. These assumptions 
have been questioned by some members of the New Zealand fishing industry (e.g., 
Patchell & Birdsall 1991). 

Punt & Butterworth (1992) examined the sensitivity of the results of Francis et al. (1992) 
to changes to the values of the model parameters and found that the results were robust to 
a wide range of values. However, the estimates of risk were sensitive to the values 
assumed for the instantaneous rate of natural mortality, M, and the extent of recruitment 
variability, Or. They recommended that the approach of Francis et al. (1992) be converted 
from semi-Bayesian to fully Bayesian to incorporate the uncertainty associated with 
alternative values for the model parameters (in particular, M and 0,). Punt (ms) applied a 
Bayesian Monte Carlo simulation approach to construct a joint prior distribution for M and 
0,. This prior is based on data for orange roughy and for a similar species group 
(rockfish). 

This document examines the sensitivity of the results of th'e application of the "enhanced 
stock reduction analysis method of Francis et al. (1992) to Chatham Rise orange roughy 
by considering the implications of some of the hypotheses/assumptions about the number 
of orange roughy stocks on the Chatharn Rise. It also considers the effects of assuming 
prior distributions for M and Gr rather than known values. The underlying age-structured 
population dynamics model used in this analysis is the same as that used by Francis er al. 
(1993) (which is the same as in Francis et al. (1992). except that fishing is assumed to 
occur instantaneously at the end of the year after natural mortality and consequently the 
"critical" exploitation rate at which it is assumed the fishery will "collapse" is adjusted to 
0.67). 

The catch, abundance index, and mean length data used with the stock assessment 
technique are given in Tables 1 and 2. The CVs for the abundance index and mean length 
data were taken as 19% and 0.66%, respectively (see Francis et al. (1993) for details). 
Table 3 provides the values for the model parameters. A number of changes to the values 
of these parameters have occurred since last year's assessment. Francis et al. (1993) 
documented the changes and the analyses on which they were based. 

Francis et al. (1993) noted that, because the 1992 survey was canied out using a new 
vessel, the results of this survey are not necessarily comparable with those from previous 
surveys. They therefore examined the sensitivity of the results of the application of the 
"enhanced" stock reduction analysis technique to the exclusion of the 1992 biomass and/or 
length data. Most of the analyses reported in this document used all the 1992 data. 



The multiple-stock scenarios considered hen are hwotheses based on comments made by 
MAF and industry scientists. Mu1 tiple stock hypotheses are considered because several 
spawning aggregations have been found outside the spawning "box". The purpose of this 
examination is to determine if stock structure is an important factor in Chatharn Rise 
orange roughy stock assessments and what further research is required. Presumably, if the 
results are insensitive to a wide range of alternative stock structure assumptions, there is 
little point in conducting further work, the results of which are unlikely to influence 
management decisions. 

Francis & Robertson (1991) assessed the North and South Rises separately using CPUE as 
an index of abundance for the South Rise, and found the results not to be substantially 
different from their single-stock assessment. The methodology used to conduct the 
assessments of the present document is markedly different from that applied by Francis & 
Robertson (1991): the "enhanced" stock reduction analysis method rather than a 
deterministic variant is used, CPUE data are not used as CPUE is no longer considered to 
be a reliable index of orange roughy abundance, mixing of different stocks across the Rise 
is considered, and prior distributions are assumed for the virgin biomasses for the various 
stocks. 

The range of multiple-stock hypotheses considered is not exhaustive, nor can their 
investigation be taken as "proof' that there are multiple-stocks of orange roughy on the 
Chatham Rise. The objective of the study is to assess whether there is a need to look for 
proof for or against the existence of multiple-stocks. Most of the cases considered are 
based on assumptions about prior distributions which are at least as optimistic as that upon 
which the single-stock assessment of Francis et al. (1992, 1993) is based. 

3. METHODOLOGY 

Once the number of stocks and the rates of movement between them are specified, the 
following algorithm can be used to calculate a joint posterior probability distribution for 
the quantities of importance to management. 

Select values for the model inputs (e.g., the Bo's, M, Or, the q's, etc.) from their 
(joint) prior distributions (see Table 3). 

For each of the cohorts which have been subject to fishing, generate recruitment 
residuals from a normal distribution with mean zero and standard deviation Or. 

Project the population dynamics model (see Appendix I) forward, using the known 
catches to predict stock biomass and mean length. 

Calculate a likelihood for the projection (see Appendix II). 

I€ any of the exploitation rates rise above 0.67, the likelihood is set to zero. 

Repeat steps 1 to 5 many times, and compute an empirical posterior distribution. 



Punt & Butterworth (1992) warned that care must be taken when applying the above 
algorithm (and those algorithms applied by Francis et al. (1992) and Bergh & Butterworth 
(1987)) because it can, on occasion, lead to some projections being allocated virtually all 
the weight: this leads to the undesirable situation that the empirical posterior distribution 
for many parameters is virtually a single point. To examine whether this occurs in these 
applications, the percentage of the posterior probability assigned to the most likely set of 
input parameters is calculated. 

To reduce computation time, the likelihood is maximised over the catchability coefficients 
(q) rather than being integrated over them. It can be shown, for the case under' 
consideration, that these two approaches lead to virtually indistinguishable results. 

4. RESULTS AND DISCUSSION 

The multiple-stock multiple-area model specified in Appendix I can be parameterised in 
several ways. Unfort~nately, there is no quantitative information, which is independent of 
the data used to fit the model, to specify the number of stocks on the Chatham Rise, the 
rates of mixing, and priors for virgin biomass (or equivalently the extent of depletion). 
Instead, a number of industry and MAF scientists were invited to suggest plausible stock - 
identity hypotheses. The number of stocks suggested ranged from one to four. In general, 
the scientists felt that there is a low rate of mixing between the "box" and the "northwest" 
area, but the connection between the "box" and the "east" areas is strong, with either one 
stock in both areas or much movement between them. Table 4 summarises the information 
received in the form of catch and sighting mixing matrices. The catch mixing matrix 
summarises the spatial distribution of stocks during the fishing season and the sighting 
mixing matrix summarises the spatial distribution of stocks when the abundance index 
information is collected. Table 5 provides the 21 alternative multiple-stock scenarios 
which were considered. mnv other scenarios could have been s e w .  Some of the 
scientist's suggestions could not be incorporated in a straightforward manner into the 
model. For example, it was not possible to examine the consequences of stochastic mixing. 

Preliminary runs of the model suggested that the fraction of the total weight assigned to a 
single projection can be high for some of the analyses. In order to overcome this problem, 
100 000 projections were conducted on single- and two-stock analyses, and 200 000 
projections on the three- and four-stock analyses. 

For each application of the stock assessment method, the estimates of the means (expected 
values) and standard deviations of the posterior distributions of three of the quantities of 
importance to management are calculated for each stock, and for all stocks combined. The 
quantities considered are: 

a) Bo, the biomass (at midseason) of the exploitable component of the stock in the 
absence of exploitation; 

b) B1992, the exploitable biomass in the middle of the 1992 fishing season; and 
C) B1992m0. 



The expected value of B1992/Bo is not the ratio of the expected value of Big92 to that of 
Bo because the expected value of a ratio is not the ratio of the expected values. In addition 
to these quantities, the fraction of the projections which survived the selection process, as 
well the maximum weight given to any projection (expressed as a percentage), is shown. 

4.1 Single stock analyses 

The results for a single-stock analysis under four sets of assumptions are shown in Table 6 
(runs 1 to 4). The analyses differ in that the base case single-stock analysis (run 1) uses 
prior distributions for M and or (see Figure I), while the other three analyses assume 
priors which place all the mass at point estimates for M and a,. 

The results of the base case, single-stock analysis (run 1) suggest that the stock is currently 
(1992) depleted to 18.1% of its unexploited equilibrium level, although this fraction is not 
precisely determined (CV = 54%). The current biomass is estimated to be 79 300 t 
(CV = 38%). If it is assumed that M and o, are known and equal to 0.04 yrl and 1.2 
respectively (run 2), the estimate of Bo is roughly 15% smaller than the base case estimate, 
the estimate of Blgg2/'0 is larger by about lo%, and the estimate of B1992 is larger by 
5%. If M = 0.03 yf l  and or = 1.2 (run 3), the estimates of the three management 
quantities are more similar to the base case values, while if M is 0.05 yrl (run 4) the 
estimate of Bo is much lower than the base case value. The expected biomass and 
depletion time series for these four analyses are shown in Figure 2. A notable feature of 
Figure 2b is that all four single-stock analyses suggest that the resource was above its 
average pristine level at the start of exploitation. 

The four single-stock analyses are different because the base case analysis has the ability 
to alter the value assigned to M. It is possible to better reconcile the decline in the 
abundance index with the lack of trend in the mean length of the catch by selecting a small 
value for M, so that the contribution of incoming recruitment to the mean length of the 
catch is small. This is illustrated in Figures 3a and b which show the prior distributions for 
M and or, as well as the posteriors which result from the base case single-stock analysis. In 
both cases the priors are updated substantially. The posterior distribution for M has a peak 
at M = 0.04 y r l ,  whereas the prior is virtually flat between 0.04 and 0.05 yrl. The 
probability assigned to M = 0.03 yr-1 is almost doubled. while that assigned to 
M = 0.06 y r l  is virtually halved. The changes to the prior for 4 are even more dramatic. 
There is a much higher probability of larger values of Or for the posterior distribution. 
These results seem to contradict the observation of Butterworth (1992) that the estimate of 
M used by Francis er al. (1992) (0.04 yr-1) is surprisingly small while the estimate of q 
(1.2) is surprisingly high. 

4.2 Two-stock analyses 

The consequences of there being two stocks on the Rise are examined by runs 5 and 6 (see 
Table 5 for specifications, and Table 6 and Figures 4a and 5a for results). The results of 
these two analyses provide a more optimistic appraisal of resource status than is suggested 
by the base case single-stock analysis, with which these two analyses are most comparable. 



The estimate of Bo for the resource as a whole is 19% or 11% larger than the base case 
single-stock value, the extent depending on how it is assumed the two stocks are 
distributed. The estimate of current (1992) biomass increases by more than 100% when the 
possibility of two stocks is taken into account. A feature common to a number of the 
multiple-stock scenarios is that the "box" stock is more depleted than is suggested by the 
base case single-stock analysis. Figures 4a and 5a show why the two-stock analyses are 
more optimistic that the single-stock analysis - the "Northwest" stock (although smaller 
than the stock on the rest of the Rise) is assessed as still well above the level at which MSY 
is achieved. 

One drawback of attempting to estimate the size of two stocks rather than one is that the 
precision with which the estimates for a "non-box" stock are obtained is very poor; for 
example, the CV of the estimate of the current biomass for the Northwest stock for run 5 is 
over 70%. 

4.3 ~hree-stock analyses 

The results of the two three-stock analyses (runs 7 and 8 - see Figures 4b and 5b and Table 
6) are qualitatively similar to those of the two-stock analyses. The depletion at the start of 
exploitation is less for the three-stock analyses than for the base case single-stock analysis 
(Figure 5b), which partly explains why the "box" stock in the three-stock analysis is 
currently more depleted than the single stock in the base case single-stock analysis. 

4.4 Four-stock analyses 

The maximum of the prior of the total virgin biomass of the Chatham Rise orange roughy 
resource (i.e., the virgin biomass of all stocks combined) increases as  the number of stocks 
is increased if Bo - U[O, 500 0001 (Figure 6a). It is, therefore, not surprising that the 
estimates of Bo for the four-stock analyses are larger than those for the three- and two- 
stock analyses. The sensitivity of the base case four-stock analysis (run 9) to the use of 
prior distributions for M and or is qualitatively the same as that for the base case single- 
stock analysis. Using a prior which fixes M = 0.05 (run I I) leads to smaller Bo 
estimates and more optimistic estimates of current depletion. As the value assumed for the 
(known) value of M is reduced, the estimates of Bg are generally larger and the estimates 
of current biomass are generally lower. 

The estimates of Bo for each of the four stocks for the base case four-stock analysis (run. 9) 
are lower than the estimate of Bo for the base case single-stock analysis (run I), although 
the Bo for the resource as a whole is larger (see Figure 4c). (This result is, however, 
dependent on the priors used for each of the stocks.) The estimates of initial depletion for 
the base case four-stock analysis are considerably lower than that for the base case single- 
stock analysis (Figure 5c). 

Assuming that the recruitment residuals are different for each stock (E: (see equation 1.4, 
Appendix I) is independent of k) (run 13) leads to a lower estimate of Bo for the resource 
as a whole (although this estimate is less well defined as might have been expected) and a 



higher estimate of current biomass. The consequence is that the resource as a whole is not 
as depleted as the base case four-stock assessment (run 9) suggests. 

Runs 15 and 16 (i.e., changing the catch and sighting mixing matrices) result in larger 
estimates of overall Bo, current biomass, and current depletion. However, the results for 
individual stocks do not always follow this trend. For example, the estimate of Bo for the 
"box" stock is smaller for runs 15 and 16 than for the base case (run 9). Increasing the 
extent of movement into the "box" (runs 17 and 18) reduces the estimates of Bo slightly 
(by 3 and 14% respectively). Run 18 corresponds to uniform distribution of stocks across 
the area. The estimate of Bo (all stocks combined) from this assessment is much larger 
than that from the base case single stock assessment (run 1). although the corresponding 
estimate of B 1992 is very similar to that from run 1. 

Runs 19 to 21 show the results when the prior distributions assumed for Bo are altered. 
The estimates of total Bo (i.e., all stocks combined) are smaller than the corresponding 
base case (run 9) result by 13, 41, and 50% respectively. This is not particularly 
surprising. For those stocks which do not have substantial movement into the "box", the 
data provide little information on the abundance trend so the estimate of Bo will be close 
to the mean of the prior for this parameter. Reducing this prior should result in lower 
expected Bo's for those stocks. A somewhat surprising result of the analysis is that the 
current (1992) biomass estimate for run 19 is virtually identical to that for run 9, although 
the estimate of Big92 is less than the base case value for runs 20 and 21 (by 24 and 32%. 
respectively). One consequence of the lesser change in Big92 than in Bo is that the 
resource is estimated to be less depleted when the priors for Bo are tightened, probably 
because the reduced possibility of very high Bo's removes the possibility of very low Ms 
(which would correspond to those Bo's). Even for run 21, the.estimate of current biomass 
is almost twice that for the base case single stock run (run 1). 

4.5 Sensitivity of the results to the 1992 data 

Francis et al. (1993) showed that the estimates of Bo, current biomass, and current 
depletion are sensitive to how the 1992 data are treated. To examine the sensitivity of the 
multiple-stock results to the treatment of these data, runs 1, 5, and 9 were repeated using: 
(a) none of the 1992 data, and (b) only the 1992 length data. In these calculations, all the 
data up to 1991 were used. The results are given in Table 7. The multiple-stock results 
(runs 5 and 9) exhibit the same trends as the single-stock results: if all the 1992 data are 
ignored, the assessments are less optimistic while if the 1992 abundance estimate is 
ignored, the results are more optimistic. The sensitivity of the results to the use of 1992 
data reduces as the number of stocks increases. 

4.6 Technical aspects of the application of the stock assessment method 

The number of simulations which satisfy the criterion that the annual fishing fraction never 
exceed 0.67 varies between 29.8% (run 5) and 96.5% (run 18). The maximum weight 
assigned to a single projection varies from 1.08% (run 3) to 6.5 1% (run 13). The value of 
this statistic is lowest when M is fixed at 0.03 yr-1 because, in this case, the model can fit 
the length data with greater ease, not needing a string of poor recruitments to the same 



extent as the other analyses. Not surprisingly, there is a trend in this statistic with 
increasing number of estimable parameters: the reason for the high maximum weight for 
run 13 is that in this analysis recruitment residual time series are estimated for each stock 
separately. The 1992 data are particularly influential in determining the weight given to 
the projections - ignoring some (or all) of the data for 1992 leads to the most likely 
projection being assigned a much smaller fraction of the total weight. 

4.7 General features of the results 

Figures 6a, b, and c provide plots of Bo, Blgg2, and Blgg2/Bo against the total prior for 
Bo (i.e., the sum of the priors for each stock) for those runs which are based on the 
informative priors for M and or, and which assume that recruitment is independent of 
stock (i.e., all runs expect 2,3,4, 10.11, 12, and 13). 

Bo (Figure 6a) is almost linearly related to the sum of the priors. Complete mixing reduces 
Bo, but only slightly compared to the effect of the sum of the priors. Runs have not been 
carried out for summed priors less than 1000 kt, but the results in Figure 6a suggest that an 
estimate of Bo lower than the single-stock result will be obtained for summed priors less 
than 1000 kt Wpective of the numbkr of stoc-umed. 

The current (1992) biomass (Figure.6b) is less clearly related to the summed priors than 
Bo (Figure 6a). The estimates of current biomass for a summed prior of 2000 kt range 
from slightly above the single-stock estimate to six times as large. The current biomass 
(and consequently the current depletion - Figure 6c) are much more dependent on the 
extent of mixing and the number of stocks than is Bo. 

It is clear from Table 6 and Figures 4, 5, and 6 that the results of the stock assessment are 
highly dependent on the assumed the number of stocks on the Rise, how they migrate, the 
information on the abundance trend in areas other than the "box", and the priors assumed 
for virgin biomass. The results suggest that the estimates of current biomass and current 
depletion could be negatively biased (the estimates of Bo being essentially a function of 
the summed priors) and that the resource could be larger than is suggested by the single- 
stock assessment. Approaches such as genetic studies and catch experiments (e.g. 
Butterworth & Punt 1992) which might help to resolve the stock structure question should 
be considered. 
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Table 1 : 

Table 2 : 

Catch (t), estimates of catch overrun, abundance indices, and mean length 
(cm) data for the Chatham Rise orange roughy resource 

Season 
1978f79 
1979180 
1980181 
198 1/82 
1982/83 
1983184 
1984185 
1985186 
1986187 
1987188 
1988/89 
19891'90 
1 99OD 1 
199 1/92 

Season 
1978/79 
1979180 
198018 1 
1981182 
1982183 
1983184 
1984185 
1985186 
1986187 
1987/88 
1988189 
1989190 
1 99019 1 
1991192 

Abundance 
Catch Overrun index Mean length 
11 800 1.3 

Catches (t) of Chatham Rise orange roughy by area (source, Francis et al. 
(1992) and R. P. Coburn (pers. comm.)) 

Northwest 
0 

1 200 
8400 
7000 
5 400 
3 300 
1 800 
3 700 
3 200 
1 600 
3 800 
3 300 
1 500 
300 

South 
0 

800 
3 700 
500 

4 800 
5 100 
7 900 
5 300 
4 900 
6 800 
9 200 

11 000 
6 900 
2 200 

Spawning 
box 

11 500 
27 900 
16 000 
16 600 
4 600 
15 000 
18 400 
17 000 
20 200 
13 500 
16 700 
16 100 
6 100 
loo0 

East 
300 

1 200 
100 
800 
600 

1 500 
1 100 
4 100 
2 400 
2 300 
3 100 
1 100 
6 100 
12 000 

Other NE 
300 

1 100 
100 
700 
600 

1 400 
1 100 
3 400 
2 200 
2 100 
2 700 
loo0 
800 
0 

North of 
43'30 S 

300 
1 100 
100 
800 
600 

1 500 
900 

3 500 
1 900 
1 500 
2 200 
800 

5 700 
1800 



Table 3 : Values of the model parameters used in the assessments of the Chatham 
Rise orange roughy resource (source, Francis et al. 1993) 

Parameter 
M 
L, 

am 
6, 

2 
Single stock BI) 

Multiple stock BI) 
Ln q 

Value 
See Figure la 

0.07 yrl 
-0.3 yr 
0.092 1 
2.7 1 
0.75 

See Figure 1 b 
70 yr 
22.2 yr 
2.24 yr 
22.2 yr 
2.24 yr 

u [O, 1 000 0001 
U[O ,500 0001 

ur--9-1 



Table 4 : Catch mixing matrices for the multiple-stock sensitivity tests. The 
proportions are the fraction of fish from a given stock found in a given area 
during the fishing season. The sighting mixing matrices are identical to the 
catch mixing matrices except that all of the "box" stock is found in the 
"box" when the survey is conducted 

2 Stocks - Matrix I 
Stock I Area 1 

! Stocks - Matrix JJ 

NW 

Stock 1 

NW Box East South 
0.95 0.05 0 0 

- -- 

Area 

3 Stocks - Matrix III 
Stock I Area 

NW+Box 
NW Box East South 
0.4 0.55 0.05 0 

NW 
NW Box East South 
0.95 0.05 0 0 

Box+Eas t 
South 

0.05 0.55 0.4 0 
0 0.05 0.15 0.8 

3 Stocks - Matrix IV 
Stock 

NW 
Box+East 

South 

Area 
NW Box East South 
0.95 0.05 0 0 
0.05 0.5 0.45 0 

0 0.05 0.15 0.8 



(Table 4 - continued) 

4 Stocks - Matrix VI 
I Stock I Area I 

4 Stocks - Matrix V 
Stock 

NW 
Box 
East 

South 

Area 
NW Box East South 
0.95 0.05 0 0 
0.05 0.55 0.4 0 

0 0.1 0.8 0.1 
0 0.05 0.15 0.8 

NW 
NW Box East South 
0.99 0.0 1 0 0 

Box 
East 

South 

4 Stocks - Matrix VIII 
Stock I Area I 

0.0 1 0.59 0.4 0 
0 0.1 0.8 0.1 
0 0.05 0.15 0.8 

4 Stocks - Mamx VII 
Stock 

NW 
Box 
East 

South 

Area 
NW Box - East South 
0.95 0.05 0 .  0 
0.05 0.85 0.1 0 

0 0.1 0.8 0.1 
0 0.05 0.15 0.8 

NW 

4 Stocks - Mamx IX 
I Stock I Area I 

NW Box East South 
0.9 0.1 0 0 

Box. 
East 

South 

0.05 0.55 0.4 0 
0 0.2 0.7 0.1 
0 0.1 0.15 0.75 

NW 
NW Box East South 
0.25 0.25 0.25 0.25 

Box 
East 

South 

0.25 0.25 0.25 0.25 
0.25 0.25 0.25 0.25 
0.25 0.25 0.25 0.25 . 



Table 5 : Specifications of the 21 multiple-stock sensitivity tests 

Run No 
1 

3 

4 

5 

Mixing 
mamx 

- 

6 

7 

- 

- 

I 

8 

9 

Stocks 
Single-stock 

I1 

In 

10 

11 

12 

Single-stock 

Single-stock 

Northwest, Rest 

IV 

V 

13 

Catches 
As in Table 2 

North, South 

Northwest, Box+East, 

V 

V 

V 

14 

Model 
parameters 

As in Table 3 

As in Table 2 

As in Table 2 

As in Table 2 

South 
Northwest, Box+NE, 

SE+South 
Northwest, Box, East, 

V 

15 

0, = 1.2 
M = 0.03 y r l  
0, = 1.2 

M = 0.05 yr-l 
0, = 1.2 

As in Table 3 

Catches south of 
43'30 S added to 
the South catches 

(see Table 2) 
As in Table 2 

South 
Northwest, Box, East, 

South 
Northwest, Box, East, 

South 
Northwest, Box, East, 

V 

16 

17 

"North" is 
defined as the 
area north of 
43'30 S 

As in Table 3 

As for run 6 

As in Table 2 

South 
Northwest, Box, East, 

VI 

As in Table 3 

As in Table 3 

As in Table 2 

As in Table 2 

As in Table 2 

South 
Northwest, Box, East, 

South 

VII 

V ~ I  

M = 0.04 yr-1 
0, = 1.2 

M = 0.05 y r l  
a, = 1.2 

M = 0.03 y r l  

As in Table 2 

Northwest, Box, East, 
South 

0, = 1.2 
Recruitment 

Other NE catches 
removed from the 
"East" and added 

Northwest, Box, East, 
South 

Northwest, Box, East, 

depends on stock 
As in Table 3 

to the "Box" 
As in Table 2 As in Table 3 

As for run 6 

As in Table 2 

As in Table 3 

As in Table 3 



(Table 5 - continued) 

L 

Run No 

18 

19 

20 

2 1 

Note 1 Bo - U[O, 200 0001 for the Northwest, East, and South stocks, Bo - U[O, 500 0001 
for the "Box" stock 

Note 2 Bo - U[O, 150 0001 for the Northwest, East, and South stocks, Bo - U[O, 550 0001 
for the "Box" stock 

Mixing 
Matrix 
IX 

V 

V 

V 

Stocks 

Northwest, Box, East, 
South 

Northwest, Box, East, 
South 

Northwest, Box, East, 
South 

Northwest, Box, East, 
South 

Catches 

As in Table 2 

As in Table 2 

As in Table 2 

As in Table 2 

Other 

As in Table 3 

BO - 
U[ 0,400 000tI 

See Note 1 

See Note 2 



Table 6 : Estimates of the means and standard errors (in parentheses) of the posterior 
dismbutions of Bo, Blgg2, and Blgg2/Bo. The columns "fraction" and 
"max-w" contain the fraction of projections which satisfy the criterion that 
the fishery did not "collapse" before 1992, and maximum weight assigned 
to any projection (expressed as a percentage of the total weight) 
respectively. The results are based on 100 000 projections for the single- 
and two-stock analyses and 200 000 projections for the three- and four- 
stock analyses. Biomass units are '000 tonnes 

Single-stock - run 1 
Stock 

Single 

Single-stock - run 2 
Stock 

Single 

Single-stock - run 3 

Bo 

493.7 (182.6) 

stock 

Single 

Single-stock - run 4 

Bo 

420.4 (90.5) 

stock 

Single 

2 Stocks (Mixing matrix I) - run 5 

4 9 %  

79.3 (30.0) 

Bo 

433.7 (85.3) 

Stock 

NW 
Box+East+South 

Combined 

4 9 9 2  

83.4 (3 1.0) 

Bo 

409.2 (94.5) 

B l m  / B o  

18.1 (9.7) 

4 9 9 2  

81.8 (29.0) 

Bo 

228.5(139.3) 
358.8 (72.7) 

586.9 (150.6) 

B l m  1 4  

- 20.1 (6.4) 

4 9 9 2  

80.9 (34.2) 

fraction 

61.4 

B,, I B, 

19.0 (5.5) 

Bl 992 

174.1(125.6) 
78.6 (22.9) 

253.2 (125.6) 

max-w 

2.38 

fraction 

61.0 

Blw l B o  

20.0 (7.1) 

max-w 

1.34 

fraction 

60.0 

BI9, I Bo 

68.8(26.7) 
22.6 (7.1) 

42.4 (18.2) 

max-w 

1.08 

fraction 

62.4 

max-w 

3.33 

fraction 

29.8 

max-w 

3.05 



(Table 6 - continued) 

2 Stocks (Mixing mamx I) - run 6 

3 Stocks (Mixing mamx IV) - run 8 
Stock I Bn 

3 Stocks ('Mixing matrix IIT) - run 7 

stock 

North 
South 

Combined 
> 

Stock 

NW 
Box+East 

South 
Combined 

Stock 

Blo92 

32.7 (19.8) 
202.2 (100.8) 
235.8 (94.3) 

Bo 

235.3 (90.0) 
312.4 (99.0) 
547.2 (145.8) 

Bo 

218.8 (124.7) 
233.6 (92.8) 
290.6 (107.9) 
742.6 (195.6) 

NW 
Box+NE 

SE+South 
Combined 

NW 
Box 
East 

South 
Corn bind 

246.6 (135.0) 
230.1 (94.6) 

282.9 (105.3) 
763.7 (210.7) 

Blm I Bo fraction max-w 

B l m  / B~ 

14.2 (7.1) 
65.2 (27.9) 
46.0 (23.0) 

B l m  Bl,, / Bo fraction max-w 

fraction 

39.5 

max-w 

4.02 

B~ 992 B,, I Bo fraction max-w 



(Table 6 - continued) 

4 Stocks (Mixing I 

Stock Fractioc max-w 

NW 
Box 
East 

South 
Combined 

4-Stocks (Mixing 1 

Stock 
itrix V) - run 11 

Bn 
- 
max- w - 
3.34 

fraction - 
83.2 NW 

Box 
East 

South 
Combined 

4 Stocks (Mixing . 
Stock 

NW 
Box 
East 

South 
Combined 

atrix V) - run 12 
max-w 

4 Stocks (Mixing matrix V) - run 13 
Stock 

NW 
Box 
East 

South 
Combined 

. 

Bo 

242.3 (136.8) 
255.2 (133.6) 
165.9 (1 18.5) 
227.9 (103.2) 
887.9 (238.5) 

B l m  I Bo 

35.1 (29.6) 
16.1 (20.8) 
35.0 (20.4) 
43.8 (83.6) 
31.0 (14.2) 

B~ 992 

85.1 (82.5) 
27.8 (19.7) 
56.3 (52.3) 
87.6 (81.7) 
257.0 (107.1) 

fraction 

84.1 

max-w 

6.51 



(Table 6 - continued) 

Stock 

4 Stocks (Mixing mamx V) - run 14 

4 Stocks (Mixing matrix VI) - run 15 

- 

L 

NW 
Box 
East 

South 
Combined 

Stock 

NW 
Box 
East 

South 
Combined 

4 Stocks (Mixing I 

Stock 

N W  
Box 
East 
South 

Combined 

B l m  I B0 

37.2 (20.6) 
10.5 (9.1) 

38.4 (16.6) 
28.4 (19.4) 
30.1 (15.0) 

4 Stocks (Mixing 
Stock 

fraction 

80.7 

Bo 

235.2 (120.5) 
280.4 (1 15.3) 
194.5 (139.6) 
245.4 (128.2) 
954.4 (275.2) 

NW 
Box 
East 

South 
Combined 

B~ 9, 

92.7 (68.0) 
27.4 (18.3) 
68.5 (52.2) 
78.6 (69.3) 

267.0 (103.5) 

atrix VII) - run 1 
Bn 

B,, I Bo fraction max-w 

lmx VIII) - run 17 
Bo I B1 992 1 B,,  / Bo 1 fraction 

I 

max-w - 
3.79 

max-w 



(Table 6 - continued) 

4 Stocks (Mixing 1 

Stock 

NW 
Box 
East 

South 
Combined 

Fraction max-w - 
4.92 

atrix V) - run 19 
B" Stock max-w 

NW 
Box 
East 

South 
Combined 

4 Stocks (Mixing I 

Stock 
atrix V) - run 20 

- 

Fraction - max-w - 
NW 
Box 
East 

South 
Combined 

amx V) - run 21 
Bo Bl 992 BI9- 1 Bo fi-ac tion max-w 

NW 
Box 
East 

South 
Combined 



Table 7 : Sensitivity of the results to the exclusion of the 1992 data. See Table 6 for 
the definitions of terms 

Single-stock (run 1) - all 1992 data 

Single-stock (run 1) - no 1992 data 

stock 

Single 

Single-stock (run 1) - 1992 length data only 

N W  
Box+East+South 

Combined 

B,, I B, 

18.1 (9.7) 

Stock 

Single 

2 Stocks (run 5) - all 1992 data 

NW 
Box+East+South 

Combined 

Bo 

493.7 (182.6) 

1992 data 
B~ 1 Bl 992 

B~ 992 

79.3 (30.0) 

fraction 

61.4 

max-w 

0.40 

Bo 

473.1 (132.2) 

B19, I B0 

14.5 (8.7) 

fraction 

61.4 

stock 

Single 

B~ 992 Stock 

max-w 

2.38 

4 9 ,  

68.3 (48.8) 

fraction 

61.4 

max-w 

1.18 

B~ 992 

126.6 (101.5) 

Bo 

536.8 (193.6) 

Bo 

max-w 

B19g2 I BO 

24.7 (18.0) 

max-w B l m I B o  fraction 



(Table 7 - continued) 

2 Stocks (run 5) - 1992 length data only 

1 

4 Stocks (run 9) - all 1992 data 

4 Stocks (run 9) - 
Stock 

stock 

NW 
Box 
East 
South 

Combined 
? 

4 Stocks (run 9) - no 1992 data 

NW 
Box 
East 
South 

Corn bind 

Stock 

NW 
Box+East+South 

Combined 
b 

stock 

NW 
Box 
East 

South 
Combined 

192 length data only 
B~ Bl 992 $992 1 B~ 

Bo 

239.8 (1 18.8) 
273.6 (1 14.5) 
184.4 (134.9) 
243.1 (122.6) 
937.6 (259.4) 

- 
Fraction - 

82.2 

Bo 

258.0 (139.2) 
375.3 (75.8) 

636.6 (153.7) 

Bo 

221.4 (128.7) 
212.6 (97.3) 
187.2 (130.5) 
240.1 (125.1) 
862.4 (225.0) 

B~ 992 

93.3 (65.9) 
25.9 (17.9) 
56.8 (47.8) 
70.5 (62.8) 
247.2 (99.9) 

B1 992 

21 1.7 (142.7) 
108.1 (62.7) 

319.6 (145.2) 

4 9 9 2  

120.3 (95.2) 
37.7 (33.7) 
86.4 (68.4) 
107.5 (84.9) 

350.9 (144.4) 

B19= I B~ 

36.8 (19.9) 
10.1 (8.8) 

31.8 (14.8) 
25.8 (17.9) 
28.5 (16.3) 

Blm/ Bo 

47.8 (21.6) 
17.1 (10.0) 
46.0 (15.0) 
39.4 (19.1) 
41.4 (14.7) 

max-w 

0.94 

B19= I B0 

76.0 (28.5) 
29.2 (15.3) 
49.6 (19.7) 

fraction 

82.2 

fraction 

29.8 

max-w 

4.89 

fraction 

82.2 

max-w 

0.30 



Appendix I : The population dynamics model 

This model is an extension of that used by Francis et al. (1992). the differences being in 
the timing of the catching process and that it allows for multiple stocks. The multiple-stock 
extensions are based on the generalised framework for testing whale management 
procedures developed by Punt (1991). 

A. Resource dynamics 
The dynamics of animals of stock k, aged 2 and above are governed by the equation 

where N:, 

U i a  

=a 

4 a  

4 
6, 
M 
Fk 
m 

is the number of recruited animals of age a in stock k at the start of year y, 
is the number of unrecruited animals of age a in stock k at the start of year 

Yt 
is the proportion of unrecruited animals of age a-1 which &mi t  at age a: 

is the fraction of animals of age a which would be recruited if the 
population were at its deterministic unexploited equilibrium level: 

(Note that, for complete comparability with Francis et al. (1992), 4's less 
than 0.05 have been set equal to 0, and @'s larger than 0.95 have been set 
equal to 1.) 
is the age-at-50%-recruitment, 
is a parameter which determines the width of the recruitment ogive, 
is the instantaneous rate of natural mortality, 
is the exploitation rate during year y on animals from stock k (all recruited 
animals are assumed to be equally vulnerable to fishing), and 
is the maximum (lumped) age-class (all animals in this age-class are 
recruited). 



B. Births 

where BY is the spawner-biomass of stock k during year y: 

a=l 

wa is the mass of a fish of age a (assumed to be constant throughout the year): 

et is the recruitment residual for year y and stock k (in most of the runs, et is 
independent of k), 

a, is the standard deviation of the log of the multiplicative fluctuations in 
births, 

Xa is the fraction of animals of age a which are mature: 

(Note that, for complete comparability with Francis et al. (1992), x's less 
than 0.05 have been set equal to 0, and x's larger than 0.95 have been set 
equal to 1.) 

am is the age-at-50%-maturity, 
6, is a parameter which determines the width of the maturity ogive, and 
ak,Pk are the stock-recruitment function parameters for stock k. 

C. Initial conditions 

Were there no fluctuations in recruitment, the resource would be assumed to be at its 
unexploited equilibrium level, with the corresponding age-structure, at the start of 
exploitation (year y1). Instead, because of historic recruitment fluctuations, the sizes of the 
cohorts at the start of year yl are drawn from dismbutions that allow for this fluctuation, 
and the initial biomass is thus similarly dismbuted'about the corresponding deterministic 
equilibrium level. The initial numbers-at-age are therefore given by the equation : 



d-l 

where I$ is the number of 1-year-olds in stock k at the deterministic equilibrium that 
corresponds to an absence of harvesting and e: is a random variable from 
N(O;o,). A value for R: is calculated from the value for B: (the 
unexploited equilibrium midseason biomass of stock k) using the equation: 

Note that the equation for the plus-group does not incorporate a recruitment variability 
term because this group comprises a large number of age-classes which will largely damp 
out this effect. Values for the stock-recruitment function parameters a" and Bk are 
calculated from the values of R: and the "steepness" of the stock-recruit relationship (h). 
The "steepness" is the fraction of R: to be expected (in the absence of recruitment 
variability) when the mature biomass is reduced to 20% of its pristine level (Francis 1992), 
so that : 

1 

(I. 10) 

D. Catches 
The exploitation rate for stock k and year y (F:) is calculated using the equation : 

where C? 

c: 

is the catch from area A and stock k during year y: 

(I. 1 1) 

is the catch for area A and year y (the observed catch multiplied by the 
overrun factor), 



BY is the exploitable biomass of stock k at the start of the fishing season in year 

Y: 

(I. 13) 

wkqA is the fraction of animals of stock k which is found in area A during the 
fishing season. The mamx W is referred to as the catch mixing matrix. 



Appendix I1 : The likelihood function 

All series of abundance indices are treated as being normally dismbuted about their 
expected values with a constant (and known) coefficient of variation, i.e., 

where 0; is the jth value of the ith series, 

qi is the constant of proportionality of the ith series, 

E; is the model estimate of the quantity corresponding to 0; (e.g. the 
midseason biomass for the trawl-based abundance indices), and 

ci is the coefficient of variation for series i. 

It is assumed that the indices of abundance are area-specific when calculating the 0;'s. 
Thus, the mid-season exploitable biomass, which is used when fitting to a trawl-based 
abundance series collected from area A, is calculated using the equation: 

where xksA is the fraction of animals of stock k which is found in area A when the data 
are collected for that area. The matrix X is referred to as the sightings 
mixing mamx. 

Francis et al. (1992) showed that the contribution of index i to the log-likelihood is 

where ni is the number of data points for abundance index series i. 

Differentiating equation (11.3) with respect to qi and semng the resultant equation to zero 
provides the maximum-likelihood estimate of q' : 

1 01 
where S; = - z4, and 

( c )  Ei 



Figure 1 : Prior probability distributions for (a) the rate of natural mortality, M, and 
(b) the extent of recruitment variability, Or. 



Figure 2 : 

1 -  With Prior 

Year 

1985 

Year 

Expected mid-season biomass (a) and depletion (b) time series for the four 
single-stock analyses. 



- Prior 
......... "... Single Stock 
- - - - - Two stocks (run 5 )  
-.- Three stocks (run 7) 
---- Four stocks (run 9) 

Prior 
.............. Single Stock 
----- Two stocks (run 5 )  
-.- Three stocks (run 7) 
---- Four stocks (run 9) 

Figure 3 : Prior and posterior probability distributions for (a) M and (b) q. Results 
are shown for four of the 21 analyses (runs 1,s. 7 and 9). 



Northwest \ *'.-..., 

...... .... 

Year ' 

. . . .. . . . . .. ... Single stock 
- Two stocks 

Expected midseason biomass time series for runs 1 (single-stock analysis) 
and 5 (two-stock analysis). The dotted line is the biomass time series for the 
single-stock analysis and the solid lines are the biomass time series by stock 
for the two-stock analysis. 



Figure 4(b) : 

South 

--ma.... 

Year 

... ...... . .... Single stock - Three stocks 

Expected midseason biomass time series for runs 1 (single-stock analysis) 
and 7 (three-stock analysis). The dotted line is the biomass time series for 
the single-stock analysis and the solid lines are the biomass time series by 
stock for the three-stock analysis. 

' 5  
5, '., .'... 



600 
. . . . . . . . . . .. . . Single stock 

Northwest 

. - .w Year 

Figure 4(c) : Expected midseason biomass time series for runs 1 (single-stock analysis) 
and 9 (four-stock analysis). The dotted line is the biomass time series for 
the- single-stock analysis and the solid lines are the biomass time series by 
stock for the four-stock analysis. 



r 
.. . ........... Single stock - Two stocks 

0 I I I I 
1975 1980 1985 1990 1995 

Year 

Figure 5(a) : Expected depletion time series for runs 1 (single-stock analysis) and 5 (two- 
stock analysis). The dotted line is the depletion time series for the single- 
stock analysis and the solid lines are the depletion time series by stock for 
the two-stock analysis. 



South 

150 

Year 

125 

Figure 5(b) : Expected depletion time series for runs 1 (single-stock analysis) and 7. 
(three-stock analysis). The dotted line is the depletion time series for the 
single-stock analysis and the solid lines are the depletion time series by 
stock for the three-stock analysis. 

............ .. Single stock - Three stocks 
- J .-.....- 



Year 

Figure 5(c) : Expected depletion time series for runs 1 (single-stock analysis) and 9 
(four-stock analysis). The dotted line is the depletion time series for the 
single-stock analysis and the solid lines are the depletion time series by 
stock for the four-stock analysis. 
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Figure 6(0) 
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Summed priors ('000 t) 

1000 0 Four stocks 

Figure 6 : Estimates of (a) Bo, (b) Blgg3, and (c) Big990 (expressed as a 
percentage) against the total prior assumed for Bo. All runs based on the 
informative priors for M and ar and which assume that recruitment is 

- independent of stock are included. 



Figure 6 : 
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Figure 6(b) 
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Summed priors ('000 1 ) .  

0 One stock 
0 TWO stocks 
A Three stocks 
0 Four stocks 
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- 0 
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complete 
mlxtng 

I I I I 

Estimates of (a) Bo, (b) Blgg3, and (c) Blggf lo  (expressed as a 
percentage) against the total prior assumed for Bo. All runs based on the 
informative priors for M and a, and which assume that rkcruitment is 
independent of stock are included. 
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Figure 6 : Estimates of  (a) Bo. (b) B 1993. and (c) B 1993/80 (expressed as a 
percentage) against the total prior assumed for Bo. All runs based on the 
informative priors for M and q and which assume that recruitment is 
independent of stock are included. 
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