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1. EXECUTIVE SUMMARY
The Bayesian stock assessment and decision analysis method is extended to allow
for variation in historic recruitment.
Prior probability distributions for virgin biomass . (Bo), natural mortality,
recruitment (0-year-class) strength for all years except 1986 and 1987, the extent
of recruitment variability, and the constants of proportionality which relate
observed indices to model quantities are used in this year's assessment.
The base case stock assessment which incorporates CPUE, acoustic, and trawl
survey data suggests that Bo is 1.86 million tonnes and that the biomass in the
middle of the 1993 fishing season will be almost 80% of this.
The consequences of nine alternative harvest policies are examined by means of
decision analysis. The risk of the resource dropping below 0.2B0 sometime
during the next 5 years and the risk of the fishery not taking at least 80% of the
TACC associated with a constant 140 000 quota over the next 5 years is less than
1%. This risk increases as the constant quota is increased or as a higher harvest
rate is considered.
Generally, harvest rate policies achieve higher catches than constant quota
policies for the same level of risk. However, this benefit is at the expense of
larger inter-annual changes in catch.

2. INTRODUCTION
Selection of an appropriate TACC for a marine fish species can be considered to be a
decision analysis problem. A decision theoretic approach (e.g., Raiffa 1968, Berger 1985,
Walters 1986) is therefore used to evaluate the consequences of applying a number of
alternative harvesting policies to manage New Zealand's western stock of hoki
(Macruronus novaezelandiae).
Conceptually, decision analysis is straightforward. For each possible state of nature, the
consequences of each candidate management action are evaluated, and summarised by
means of a (small) number of performance indices (e.g., total catch). (Because the
population dynamics models considered are usually very complex, it is seldom possible
to calculate the values of these performance indices analytically, and it is often necessary
to use Monte Carlo simulation methods (e.g., Sainsbury 1988, Walters & Collie 1989).)
The performance indices are then weighted by the (relative) probability of each
alternative state of nature to provide the expected values of each performance index for
each candidate management action. The probabilities assigned to each state of nature are
obtained from a stock assessment method.
The stock assessment approach applied here to the data for the western stock of hoki is
Bayesian. The method incorporates informative prior distributions for virgin biomass,
natural mortality, recruitment variability, and the constant of proportionality relating the
acoustic abundance indices to model quantities.

3. STOCK ASSESSMENT
3.1 Methodology
Bayesian posterior probability distributions for virgin biomass (Bo) and for the agestructure of the population at the start of 1993 are needed to apply the decision analysis
approach. These probability distributions are obtained from a Bayesian stock assessment
method. The technique applied in this paper is an extension of the methods applied by
Francis et al. (1992) and Pikitch er al. (1992). The technique extends the method of
Francis et at. (1992) as prior distributions are specified for more parameters, and the
technique differs from that of Pikitch et at. (1992) as a slightly different population
dynamics model is considered, and because stochastic recruitment is taken into account
when evaluating the probabilities of alternative states of nature.
The empirical joint posterior probability distribution for Bo and the age-structure at the
start of 1993 are obtained by applying the following algorithm.
1.

Select values for the model inputs (i.e., Bo, M, or, and the q's) from their prior
distributions.

For each of the cohorts which have been, or will be, subject to fishing, generate
recruitment residuals from a normal distribution with mean zero and standard
deviation Or (see equation 1.3). Recruitment residuals for the 1986 and 1987 yearclasses are not generated in this way, but are instead fixed (see discussion under
equations 1.3 to 1.6)
Project the age- and sex-structured population dynamics model (see Appendix I)
forward, using the known catches to predict stock biomasses. (The projection of
the model up to the current year will be referred to as the historic projection.)
Calculate a likelihood for the projection (see Appendix 11).
If any of the exploitation rates rise above the maximum possible (see equation
1.12), the likelihood is set to zero.
Repeat steps 1 to 5 a very large number of times, and summarise the results of the
historic projections to compute an empirical posterior distribution. This
distribution can be represented as a matrix with the first element of each row
equal to the likelihood of the projection and the rest of each row containing the
values of the model inputs.
Select 5000 historic projections with replacement, assigning a probability of
selecting a particular historic projection proportional to its likelihood. It is
necessary to select with replacement because some historic projections may be
much more likely than others. The selected projections are used when performing
the decision analysis.
This algorithm deals automatically with the problem of how to select values for the
catchability coefficients for future projections (this is a concern only when management
policies which use future data are evaluated), because they are treated as model inputs
(see step 1 above).

3.2 Data and parameter values
The values of the model parameters, except those for M and o,, used in the base case
assessment are identical to those used by Cordue (1993), and are listed in Tables 1 and 2.
Fecundity-at-age is assumed to be proportional to female mass-at-age. In contrast to the
1992 assessment, in which it was assumed that all mature fish went to spawn, the current
assessment is based on the assumption that only 70% of the mature population migrates
to spawn off the west coast of the South Island each year (Livingston & Schofield 1993).
Informative'prior distributions are 'assumed for virgin biomass (Bo), the natural mortality
rate (M), the extent of recruitment variability (or), the recruitment residuals for all years
except 1987 and 1988 (corresponding to the 1986 and 1987 year-classes see equation
I.3), and the constant of proportionality relating the acoustic abundance indices to model
quantities. As in previous years (e.g., Pikitch et al. 1992), it is assumed that Bo is
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uniformly distributed over the interval 0 to 3 000 000. The prior distributions for M
(Table 1) are based on the range used in the tests of the sensitivity of the results to the
value of this parameter carried out by MAF (Cordue 1993). The prior distribution for Or
is based on the estimates of this parameter for haddock, hake, pollock, whiting, and cod
in the North Atlantic obtained from the synthesis study of Myers et al. (1990), and an
analysis of hoki length-frequency data collected on the Southern Plateau and the
Chatharn Rise carried out by the Hoki Working Group. The data from Myers et al.
(1990) are shown in Figure la along with a fit of a lognormal distribution. The Working
Group concluded that the length-frequency data suggested an estimate of orof 0.65. To
combine these two sources of information, a prior which is lognormal with a median of
0.65 and a CV which is the same as that as in Figure l b 0.30 - was selected. This prior
distribution is shown in Figure lb.
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The prior distribution for the constant of proportionality which relates the acoustic
estimates of the spawner biomass during the winter spawning season off the west coast of
the South Island to spawner biomass, is lognormal with a median of 0.503 and a CV of
0.715. This prior distribution was constructed by attempting to quantify the uncertainties
associated with the acoustic indices as measures of absolute abundance. The details of the
derivation of the prior are given in Appendix m.
It is currently not possible to construct informative prior distributions for the constants of
proportionality for the CPUE and trawl survey indices. Instead, the prior distributions for
these parameters have been taken to be non-informative with respect to Bo. McAllister et
al. (ms) showed that the appropriate non-informative prior in this case is one which is
uniform on a log scale.
The catch data are listed in Table 3, and the abundance data used in the assessments
(acoustic indices, CPUE data, and trawl survey indices) and their (assumed) CVs are
listed in Table 4.
3.3 Sensitivity tests

The base case application of the stock assessment technique uses the parameter values
described above and all the data. Fourteen sensitivity tests have been conducted to assess
the sensitivity of the results to some of the assumptions and data set choices. These tests
are as follows.
1)

2)
3)
4)
5)
6)

Replacing the informative prior for the constant of proportionality for the acoustic
indices by a non-informative prior.
Using only the acoustic indices (informative prior).
Using only the acoustic indices (non-informative prior).
Using only the trawl survey data.
Using only the CPUE data.
Dropping the trawl survey data prior to 1991.

Dropping the trawl survey data prior to 1991 and replacing the informative prior
for the constant of proportionality for the acoustic indices by a non-informative
prior.
Replacing the priors for M and q by fixed values (Mm = 0.3 y r l ,
M~ = 0.25 y r l , and 9 = 0.65).
Fixing the recruitment multipliers for the 1988 to ,1991 year-classes to the values
specified by the Hoki Working Group (2, 0.2, 0.5, and 2 respectively); the
recruitment multipliers for the 1986 and 1987 year-classes are fixed as in the base
case analysis (i.e., 0.45 and 3.55 - see discussion under equations 1.3 to 1.6).
Estimating all of the recruitment residuals rather than fixing some of them.
Assuming that steepness = 0.95.
Assuming that steepness = 0.5.
Assuming that the proportion of the mature biomass which spawns each year (p)
is 0.5.
Assuming that the proportion of the mature biomass which spawns each year (p)
is 0.9.
3.4 Results

The means and standard deviations of the posterior distributions of three of the quantities
of importance to management (Bo, Blgg3, and Blgg3/Bo) are shown in Table 5 for the
base case analysis and for the fourteen sensitivity tests. The estimate of Bo (i.e., the mean
of the posterior distribution for Bo) from the base case analysis is 1863 kt, while the
estimate of the biomass in the middle'of 1993 is 1502 kt. The resource is estimated to be
depleted to 79.6% of its initial level in the middle of 1993. These results are more
optimistic than those obtained by Pikitch et al. (1992). Figure 2 shows the time-series of
the expected values of depletion and Figure 3 the time-series of the proportion of the
catch larger than 74 cm by mass and by numbers. (74 cm was selected by the Hoki
Working Group as the size above which the recovery rate of fillets by the industry would
be high.) The component of the population which is larger than 74 cm is defined as 60%
of all 5-year-old males, 85% of all 5-year-old-females, and all 6+ fish (K.J.Sullivan,
MAF Fisheries, pen. comm.)

In general, the results are not particularly sensitive to the selection of a data series and to
the specifications related to the values of the model parameters. Some of the more
notable results in Table 5 are listed below.
The effect of using the informative prior distribution for the constant of proportion.ality
which relates the acoustic indices to model quantities (the acoustic q) is to reduce the
estimates of Bo, Blgg3, and Blgg3/B0. The largest drop occurs for Blgg3, which is
almost 15% larger than when the informative prior is ignored. Ignoring the trawl sumey
indices for 1983 to 1990 leads to lower estimates of Bo and Blgg3, although the estimate
of current depletion is nearly the same as the base case value. The effects of dropping the
trawl data for 1983 to 1990, or using a non-informative rather than an informative prior
for the acoustic q, on the posterior distributions for Bo, B 1993, and B lgg3/Bo, are shown
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in Figure 4. The posterior distributions for the analysis in which the acoustic prior is
ignored are flatter and have the highest means, and the posteriors for the analysis in
which the trawl survey data for 1983 to 1990 are ignored have the lowest means. A
feature of the results for Bo in Figure 4a is that larger values of Bo (larger than
2 000 000) are given relatively little weight by some of the analyses.
Figure 5 shows the posterior distributions for Bo, B 1993, and B 1gg3/Bo for the base case
analysis, and for analyses in which each of the data sets (acoustic, CPUE, and trawl
survey) are used separately in the model fitting process. The least optimistic of these
analyses is obtained when the CPUE data only are used, although even in this case the
expected depletion in 1993 is over 75%. Using the trawl survey indices only or the
acoustic data with a non-informative prior on the acoustic q leads to a posterior
distribution for Bo which increases virtually monotonically from 600 kt to 3000 kt.
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The effects of assuming that M and arare known does not lead to substantially different
results, although the posterior distributions are somewhat tighter (as might have been
expected given that a source of variability is removed). The results are slightly more
optimistic if steepness is 0.95 or p = 0.5, and vice versa if steepness is 0.5 or p = 0.9.
Fixing the recruitment residuals for the 1986 to 1991 year-classes has little impact on the
assessment results. However, the effects of not fixing the recruitment residuals for the
1986 and 1987 year-classes are marked (Table 5). It appears that the biomass indices
alone are insufficient to detect changes in recruitment strength.
The differences between the 1992 and 1993 base case assessments are the introduction of
stochastic recruitment, changes to the model parameters, forcing two of recruitments to
be particular sizes, and the changes to the data. To examine which of these factors have
led to the substantial differences between this year's and last year's assessment (Pikitch et
al. 1992), Figure 6 contrasts posterior probability distributions for Bo and Big93
obtained by making a number of selections from the four factors which have changed.
For simplicity, only the CPUE data are used in these assessments (mainly because they
show a reasonable amount of contrast). The population dynamics model which has been
used in this year's assessment (which is slightly different from that used by Pikitch et al.
1992) has been used throughout (although this particular specification will make no
difference to the qualitative conclusions). In addition, changes to the model parameters
from the 1992 to the 1993 values have been made in conjunction with forcing the 1986
and 1987 recruitments to take fixed values.
There are noticeable differences between this year's (stoch rec, new pars, new data) and
last year's (deter rec, old pars, old data) assessments (Figure 6). The posterior distribution
for Bo from the 1993 assessment is much flatter, with a mode which is some 200 000
larger than that of the Bo posterior from the 1992 assessment. Note though, that the
lowest Bo consistent with the catch history is lower for the 1993 assessment. The flatter
posterior leads to even larger differences in the means of the Bo posteriors. The
differences between the posterior distributions for B 1993 ~ I Ceven more extreme.
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The effects of the incorporation of the 1993 data are examined in Figure 6a; contrast the
results for "old data" and "new data". As might have been expected, the effect is to
tighten the posterior distributions. Another effect is to reduce very slightly the difference
between the modes of the stochastic and deterministic posteriors. These results show that
the reason for the large differences between the 1992 and 1993 assessments is not simply
the changes to the data.
Figure 6b shows posterior distributions for Bo and Big93 for three assessments which
use the new data (for comparison, the assessment which is most analogous with last
year's assessment (deter rec, old data, old pars) is also shown). From Figure 6b, it is clear
that the factor which leads to most of the differences between the 1992 and 1993
assessments is the introduction of stochastic recruitment (contrast the results for "stoch
rec, new pars, new data" with those for "deter rec, new pars, new data"). For an
assessment based on stochastic recruitment, the effect of the changes to the model
parameters and the fixing of the 1986 and 1987 year-class strengths is small for Bo, but
marked for B 1993 (contrast the results for "stoch rec, new pars, new data" and "stoch rec,
old pars, new data") This result is perhaps not surprising, as fixing the 1986 and 1987
recruitments will almost certainly affect the estimate of current stock size more than that
of Bo.

4. DECISION ANALYSIS
4.1 Methodology
For each of the 5000 historic projections which are selected, a further 5-year projection
(referred to as the future projection) is carried out. Note that, because a historic
projection may be selected more than once, it is possible for multiple future projections
to be performed for a single set of model inputs (each of these projections considers
different future recruitment residuals (i.e.&,:y> 1993) and observation errors even
though the values of the model parameters and historic recruitment residuals (i.e.,
E,: yS1993) remain the same). Each future projection involves applying the
management policy under consideration to set the TACC for the next 5 years (i.e., 1994
to 1998 - the TACC for 1993 is always taken to be 140 kt). The pre-spawning season
catch is assumed to be 40 000 for 1993, after which it is assumed to be 50 000. All
changes to the TACC are therefore reflected in changes to the catch during the spawning
season.
The performance statistics reported for each alternative policy are defined in Appendix
IV. The first nine of these were selected by the Hoki Working Group and the last two
were added to investigate further the consequences of possible TACC reductions.

4.2 Policies considered
The consequences of the nine alternative harvesting polices have been examined. These
policies are:

A TACC of 140 000 for 1993 to 1998.
A TACC of 140 000 in 1993 followed by a constant TACC of 150 000.
A TACC of 140 000 in 1993 followed by a constant TACC of 190 000.
A TACC of 140 000 in 1993 followed by a constant TACC of 200 000.
A TACC of 140 000 in 1993 followed by a constant TACC of 250 000.
A TACC of 140 000 in 1993 followed by a policy which sets the TACC for the
western stock of hoki to 10% of the expected biomass at the start of the year
concerned. The TACCs set by this policy are buffered so that they may not
change by more than 25% from one year to the next.
A TACC of 140 000 in 1993 followed by a policy which sets the TACC for the
western stock of hoki to 15% of the expected biomass at the start of the year
concerned. The TACCs set by this policy are buffered so that they may not
change by more than 25% from one year to the next.
A TACC of 140 000 in 1993 followed by a policy which sets the TACC for the
western stock of hoki to 20% of the expected biomass at the start of the year
concerned. The TACCs set by this policy are buffered so that they may not
change by more than 25% from one year to the next.
A TACC of 140 000 in 1993 followed by a policy which sets the TACC for the
western stock of hoki to 25% of the expected biomass at the start of the year
concerned. The TACCs set by this policy are buffered so that they may not
change by more than 25% from one year to the next.
Three of these policies ( a), c), and h)) were selected for consideration by the Hoki
Working Group. The sensitivity of the decision analysis results to changes in the stock
assessment has therefore been examined for these policies.
It is conventional when evaluating the consequences of harvest rate polices (such as
policies f) - i) above) to assume that the same estimator which has been used to perform
the stock assessment on which the decision analysis is based will be used in the future.
Unfortunately, it is impractical to do this here because of the computational demands of
the estimation method. A variant of the Bayesian estimator applied by Pikitch er al.
(1992) is used instead to estimate posterior distributions for the quantities required to
apply the constant harvest rate policies. The population dynamics model which forms
part of this estimator is the same as that described in Appendix I, except that it is
assumed that recruitment is related deterministically to spawner-stock size (i.e. Or = 0)
and that the values of all of the model parameters, except for Bo and the catchability
coefficient(s), are known without error. (For the purposes of this exercise, it is assumed
that Mm = 0.3 y r l and ~f = 0.25 yrl.) This estimator will henceforth be referred to as
the deterministic estimator. The estimate of current begin-year abundance used when
applying the harvest rate policy is the mean of the posterior distribution of this quantity
obtained using the deterministic estimator.
It could be argued that the estimator which assumes stochastic recruitment (the fullestimator) must be used when setting TACCs in the future, because it uses a more
realistic population dynamics model than the deterministic estimator, and hence that it is
likely to be less biased: policies based on it should therefore perform better than those

based on the deterministic estimator. Furthermore, the approach outlined above implies
that if a feedback policy is to be implemented, the TACC will be set using the results of
the deterministic estimator rather than the full estimator: the results of the full-estimator
seem to be ignored even though they are preferred to those of the deterministic estimator.
However, both these concerns are not as serious as they may seem at first. This is
because the policy which will be selected is that which performs most satisfactorily when
the true situation is given by the posterior distributions calculated using the fullestimator. The "best" policy will be robust to the fact that it ignores the stochasticity in
recruitment strength, etc. (i.e., the results of the full-estimator are taken into account at
least implicitly) although it is not impossible that the full estimator might have performed
better. The same philosophy has been adopted by the IWC Scientific Committee in its
selection of a Revised Management Procedure for baleen whales (IWC 1992).
4.3 Results

The results of the decision analysis for the base case stock assessment are presented in
the form of the expected values of the performance indices (see Appendix IV)in Table 6
and Figure 7. The sensitivity of the decision analysis results to dropping the trawl survey
data for 1983 to 1990 for the three policies listed above is examined in Table 7, and the
results for the case in which the recruitment residuals for 1987 - 92 are fixed are shown
in Table 8.
As a further guide to interpreting the decision analysis results for the base case decision
analysis, Table 9 presents the expected values of the performance indices for a number of
alternative states of nature, as well as the expected values when the posterior distribution
is integrated across these states of nature. The states of nature selected are alternative
values for virgin biomass. Unlike previous assessments (e.g., Pikitch et al. 1992). it is not
possible to present results for specific values for Bo because of the continuous nature of
the way this parameter is treated in the estimation procedure. Instead, results are shown
for ranges of Bo. Tables 10 and 11 present estimates of the proportion of the catch larger
than 74 cm, and Table 12 shows the expected depletions over the next 6 years. Figure 8
presents time-series of these proportions and depletions for three of the harvesting
policies.
The results for the base case stock assessment (Table 6, Figure 7a) show that risk
increases as the size of the constant quota is increased and as the harvest fraction is
increased. As a consequence of increasing these quantities, the expected catch is
increased and the lowest depletion and final stock size as a fraction of BMSY are
decreased (Figure 7). The highest stock risk is associated with a constant 250 OOOt quota,
although by the time the harvest is increased to this level the fishery risk is larger than
the stock risk. The harvest rate policies achieve the same or lower risks than the constant
quota policies for the same level of expected catch (Figure 7a). However, this is at the
expense of a larger extent of inter-annual catch variation (Figure 7a). None of the
policies are associated with a probability of more than 50% of reducing the biomass to
below the MSY level in 1998 and the harvest rate policies achieve slightly higher

probabilities for the same level of expected catch. The E(BlOw/Bo),E(Bfin>B.Msy)and
E ( B f i n / B ~ s yare
) all related almost linearly to expected catch size.
The results in Table 9 show that risk is largest for the lowest values of Bo and that risk as
a function of Bo drops off sharply with increasing Bo. The risks associated with low Bo
are substantially larger than the expected values of risk. This is because low Bo is
assigned a relatively low probability by the estimation procedure.
The decision analysis results are not particularly sensitive to alternative specifications of
the stock assessment. Basing the decision analysis on an assessment which does not use
the trawl survey indices for 1983 to 1990 leads to a slightly less optimistic appraisal
(Table 7), whereas using fixed residuals for 1987 to 1991 (Table 8) leads to a slightly
more optimistic appraisal.
The proportion of the catch larger than 74 cm increases from 1993 to 1994 because of the
effect of the large 1987 yearclass, and then decreases. The rate at which the proportion
of the catch larger than 74 cm decreases depends on the size of the expected catch
larger expected catches corresponding to larger declines in the fraction of the catch larger
than 74 cm (Tables 10 and 11, Figure 8). The depletion time-series shows a declining
trend throughout the entire 1993 to 1998 time period and for all the harvest policies
considered, although this is to be expected as the resource is currently well above BMSY.
Not surprisingly, the rate of reduction in biomass is largest for the largest expected
catches.
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The values of the model parameters used in the assessments of the western
stock of hoki (source, Sullivan 1993)

Table 1 :

Parameter
M (F1)
Steepness - h
Fraction spawning - p (95)
L (cm)

plus-group - m (yr)
Fcrit

(4's
max catch / biomass - (D

Table 2 :

Age
1

Male
U[0.25,0.35]

Female
U[0.2,0.3]

0.199
-1.01
0.006
2.85
See Figure 1b
20
See equation I. 12
See Section 3.2
0.8

0.172
-1.13
0.006
2.85
See Figure 1b
20
See equation 1.12
See Section 3.2
0.8

Estimates of vulnerability and maturity at age used in the assessments of
the western stock of hoki (source, Sullivan 1993). Note that the fraction of
the population which actually spawns in any year is assumed to be less
than the total number of mature animals (see Table 1)
Relative Maturity
Females
0

Vulnerability
Males
0

Females
0

Table 3 :

Catch data for the western stock of hoki. The catch for each year is broken
down into that taken before the spawning season (c:) and that taken
during the spawning season (c;). The estimates of the proportion of the
spawner biomass outside the 25 nautical mile fishing boundary are also
given (source, Sullivan 1993). Units are '000 tonnes.

* assumed

Table 4 :

Indices of relative abundance and their associated (assumed) CV's used in
the assessments of the western stock of hoki. The trawl survey indices
were obtained using the data for all fish larger than 65 cm (source,
Sullivan 1993)
rE

I

cv I

Trawl survey
Index ( CV

Table 5 :

Estimates of means and standard errors (in parenthesis) of the posterior
distributions of Bo, Big , Blgg$Bo for the base case stock assessment
and the sensitivity tests. nits are 000 tonnes.

i?

Application
Base case
All data - non-informative
acoustic prior
No 1983-90 trawl data

-

No 1983-90 trawl data
non-informative acoustic
prior
Acoustic data only
(informative prior)
Acoustic data only
(non-informative prior)
Trawl data only

CPUE data only

-

-

-

Residuals for 1986-91fixed
All residuals free
-

Steepness = 0.95
Steepness = 0.5
p = 0.5
p = 0.9

Table 6 :

Performance indices for the "base case" stock assessment. The acronyms
for the performance indices are defined in Appendix IV. Biomass and
catch units are '000 tonnes

20%
Harvest
Rate
2 049
0.086
0.137
232
0.431
~ ( ~ l n w ~ o0.158
) ~
1.720
E(Bfinm~~y)
P(Bfin>B~sy) 0.807
46
E(ICt.+l-CtD
CatchLoss
-38

Policy1
Statistic
E(B94)
Risk (stock)
Risk (fishery)
Catch
E(B 1n w h )

Policy/
Statistic

140 kt
Constant
Quota
2 049
0.008
0.001
140
0.612
0.156
2.528
0.98 1
0
0

150 kt
140 kt
200 k t
190 kt
250 kt
Constant Constant Constant Constant Constant
Quota
Quota
Quota
Quota
Quota
2 049
2 049
2 049
2 049
2 049
0.012
0.008
0.043
0.052
0.1 12
0.001
0.003
0.003
0.038
0.148
140
148
181
189
227
0.612
0.596
0.442
0.532
0.516
0.154
0.156
0.157
0.155
0.157
2.528
2.455
2.167
2.087
1.779
0.981
0.974
0.899 1 0.786
0.916
2
0
10
13
-4
0
-5
0
10%
Harvest
Rate
2 049
0.008
0.000
161
0.574
0.158
2.358
0.978
21
-17

15%
Harvest
Rate
2049
0.046
0.023
206
0.484
0.154
1.956
0.896
39
-33

20%
Harvest
Rate
2049
0.086
0.137
232
0.431
0.158
1.720
0.807
46
-38

25%
Harvest
Rate
2 049
0.103
0.298
246
0.406
0.160
1.609
0.760
50

-40

Table 7 :

Performance indices for the stock assessment which ignores the trawl
survey indices for 1983 to 1990. The acronyms for the performance
indices are defined in Appendix IV. Biomass and catch units are '000
tonnes
Policy/
Statistic

Table 8 :

20%
Harvest

Performance indices for the stock assessment in which it is assumed that
the recruitment residuals for 1987 to 1992 (i.e. the 1986 to 1991 yearclasses) are known. The acronyms for the performance indices are defined
in Appendix IV. Biomass and catch units are '000 tonnes
Policy/.
Statistic

20%
Harvest
Rate
2 028
0.03 1
0.031
236
0.459
0.177
1.815
0.883
45
-37

Table 9 :

Performance indices by state of nature for the "base case" assessment.
The acronyms for the performance indices are defined in Appendix IV.
Biomass and catch units are '000 tonnes

'olicy = 140 kt in 993 followed by 20% harvest rate with 25% buffer
Statistics
Probability
E(B94)
Risk (stock)
Risk (fishery)
CATCH
~(BlowBd
~@low/~y))~
E(BfinBMSy)
P(Bfin>Blvl~~)
E(ICt.+l-Ctb
CatchLoss
P(AC < - 10kt)
P(AC < -2Okt)
P(AC c -30kt)
P(AC c -40kt)
P(AC < -5Okt)
P(AC < -6Okt)
P(AC c -70kt)
P(AC < -80kt)
P(AC c -9Okt)
P(AC c -100kt)

Expected
2049
0.086
0.137
232
0.43 1
0.158
1.720
0.807
46
-38
0.210
0.180
0.149
0.1 18
0.077
0.040
0.019
0.008
0.004
0.002

(Table 9 Continued)
40 kt constant qc
Statistics .
Probability
E(B94) Risk (stock)
Risk (fishery)
Catch
~(Blnwm~):
E(Blowm
E(Bfinm~W)
P(Bfi">Blvl~~)
EWt.+l-Cd)
CatchLoss
P(AC < - 10kt)
P(AC < -20kt)
P(AC < -30kt)
P(AC < -40kt)
P(AC < -50kt)
P(AC < -60kt)
P(AC < -7Okt).
P(AC < -8Okt)
P(AC < -90kt)
P(AC < -100kt)

Expected
2049
0.008
0.001
140
0.612
0.156
2.528
0.98 1
0
0
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

(Table 9 Continued)
40 kt in 1993 fol wed by a 190 kt constant quota
Statistics
Probability
W94)
Risk (stock)
Risk (fishery)
Catch
~@lnw&$:
E(BlowD0)
E(BfinDh4~~)
P(B~~~>BMsY)
E(ICt.+l-Ctl)
CatchLoss
P(AC < -10kt)
P(AC < -2Okt)
P(AC < -30kt)
P(AC < -40kt)
P(AC < -5Okt)
P(AC < -6Okt)
P(AC < -70kt)
P(AC < -80kt)
P(AC < -9Okt)
P(AC < -100kt)

2xpected

2049
0.043
0.023
181
0.532
0.157
2.167
0.916
10
-4
0.014
0.010
0.005
0.003
0.001
0.000
0.000
0.000
0.000
0.000

Table 10 :
Year

1993
1994
1995
1996
1997
1998

Table 11 :
Year

1993
1994
1995
1996
1997
1998

Table 12 :

Year

1993
1994
1995
1996
1997
1998

Estimates of proportion of the catch (by mass) over 74 cm
Policy
140 kt
250 kt
190 kt 200 kt
10%
20%
Constant
Harvest Harvest
Constant Constant Constant
Quota
Quota
Quota
Rate
Quota
Rate

0.916
0.929
0.925
0.918
0.911
0.906

0.916
0.929
0.923
0.913
0.902
0.893

0.916
0.929
0.923
0.912
0.900
0.890

0.916
0.929
0.920
0.906
0.889
0.875

0.916
0.929
0.924
0.915
0.906
0.901

0.916
0.929
0.923
0.911
0.893
0.876

25%
Harvest
Rate

0.916
0.929
0.923
0.911
0.892
0.872

Estimates of the propomon of the catch (by number) over 74 cm
Policy
140 kt
25%
190 kt 200 kt 250 kt
20%
10%
Constant Constant Constant Constant Harvest Harvest Harvest
Quota . Quota
Rate
Quota
Quota
Rate
Rate

0.868
0.876
0.864
0.849
0.836
0.829

0.868
0.876
0.861
0.841
0.823
0.812

0.868
0.876
0.860
0.839
0.820
0.808

0.868
0.876
0.856
0.830
0.805
0.789

0.868
0.876
0.861
0.844
0.830
0.822

0.868
0.876
0.861
0.837
0.810
0.789

0.868
0.876
0.861
0.837
0.809
0.784

Estimates of the time-series of mid-season biomass as'a fraction of its
average pristine level
Policy
200kt
250kt
10%
140kt 190kt
Constant Constant Constant Constant Harvest
Quota
Rate
Quota, Quota
Quota

0.790
0.782
0.747
0.709
0.678
0.655

0.790
0.768
0.707
0.648
0.599
0.561

0.790
0.765
0.699
0.636
0.583
0.543

0.790
0.750
0.659
0.576'
0.510
0.461

0.790
0.772
0.721
0.674
0.637
0.611

20%

25%

Harvest Harvest
Rate
Rate

0.790
0.768
0.695
0.603
0.514
0.445

0.790
0.768
0.695
0.600
0.501
0.417

Appendix I :The population dynamics model
The model specified in this Appendix is age- and sex-structured, relates recruitment to
spawner-biomass by means of the Beverton-Holt stock-recruitment relationship, and
allows for stochastic recruitment.

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

where N;,, is the number of recruited animals of age a and sex s at the start of year y,
is the number of unrecruited animals of age a and sex s at the start of year
u;,a
2
:

4):

M'

5
Fr

m

Y,
is the proportion of unrecruited animals of age a-1 and sex s which recruit

is the fraction of animals of age a and sex s which would be recruited
if the population were at its deterministic unexploited equilibrium level,
is the instantaneous rate of natural mortality on animals of sex s,
is the fishing mortality during year y which results from the catches before
the spawning season (all recruited animals are assumed to be equally
vulnerable to fishing),
is the exploitation rate during the spawning season of year y, and
is the maximum (lumped) age-class (all animals in this and the previous
age-class are recruited and mature).

B. Births

where B:

I'
w:

is the biomass of mature females during year y at the time of spawning:

is the proportion of the mid-season mature biomass that spawn each year,
is the mass of a fish of sex s and age a (assumed to be constant
throughout the year):

I

&Y

is the recruitment residual for year y (assumed, unless specified otherwise,
c,-412

or
a ,P

to be N(O,o,)) - e
is referred to as the recruitment multiplier,
is the standard deviation of the log of the multiplicative fluctuations in
births, and
are stock-recruitment function parameters.

The Hoki Working Group analysed hoki length-frequency data from the Chatham Rise
and the Southern Plateau. Those data suggested that the relative sizes of the 1986 and
1987 year-classes (i.e., fish spawned in 1986 and 1987) could be estimated reasonably
satisfactorily, and that the 1986 recruitment was 45% of its expected value while the
1987 recruitment was 355% of its expected value (Cordue 1993). This information has
been included in the assessment by fixing the recruitment multipliers for 1987 and 1988.

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 distributions that allow for this
fluctuation, and the initial biomass is thus similarly distributed about the corresponding
deterministic equilibrium level. The initial numbers-at-age are given by the equation

where R, is the number of 1-year-olds at the deterministic equilibrium that corresponds
to an absence of harvesting and E, is a random variable from N(O,o,). A value for Rl is
calculated from the value for the virgin biomass at mid-year, B,, 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 P are
calculated from the values of R, and the "steepness" of the stock-recruit relationship (h).
The "steepness" is the fraction of Rl 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 :

D. Catches
The exploitation rate during the spawning season of year y,
equation

where C;

F,, is calculated using the

is the spawning-season catch during year y, and
is the exploitable biomass at the start of the spawning-season fishery in
year y:

B,'

(I.
10)

The fishing mortality during year y which results from catches before the spawning
season,
is obtained by solving the equation

5,

(I.
11)

where :
C

is the catch taken during year y before the spawning season.

Cordue et al. (1992) defined the maximum possible exploitation rate for west coast hoki
during the spawning season by means of the equation

where
cp

is the average proportion of the spawning biomass in the open area in year
j, and
is the maximum catch to spawning biomass ratio (i.e. set for E=l).

E. Data series
The acoustic data are assumed to be proportional to mid-season spawner biomass (i.e.,
)
The trawl survey data are assumed to be proportional to the mature biomass of all
4+ fish after the spawning season, and the CPUE data are assumed to be proportional to

the product of the annual proportion outside the 25 nautical mile limit and the midseason spawner biomass (i.e., % p B:).

Appendix I1 :The likelihood function
All series of abundance indices are treated as being normally distributed about their
expected values with a constant (and known) coefficient of variation, i.e.,

where 0;

qi

E;
c:

is the j'th value of the i'th series,
is the constant of proportionality of the i'th series,
is the model estimate of the quantity corresponding to 0;(e.g. the midseason spawner biomass for the acoustic indices), and
is the coefficient of variation for the j'th index of series i.

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.

Appendix 111 :Constructing an informative prior distribution for the constant of
proportionality which relates the acoustic indices to model estimates of the biomass
which migrates to spawn off the west coast of the South Island
The size of the constant of proportionality which relates the acoustic abundance indices
to the size of spawning population off the west coast of the South Island depends on
several factors. A number of these are identified and distributions assigned to them. A
Monte Carlo exercise is then carried out to construct the distribution of the constant of
proportionality. The 10 factors and their distributions are as follows (the term for each
factor is given in parentheses).
The error associated with the mean target strength of hoki - lognormal with a CV
of 40% (factor t).
The error in the proportion of the population represented by the plateau height uniform from 0.45 to 0.75 (factor P).
The target species identification error the fraction of the marks subject to this
uncertainty is uniform between 10% and 40%, and it is assumed that the
identification error associated with these marks is lognormal with a CV of 40%
(factor T)
The error due to bottom shadowing - lognormal with a CV of 5%.
The acoustic calibration error (incorporating the effects of error in the beam
angle, problems with the tow cable, etc.) - lognormal with a CV of 15% (actually
the size of this error drops over time, but for simplicity this complication is
ignored) (factor c).
The error due to incorrect estimation of the proportion that goes to spawn - a
distribution which has 20% of its probability between 0.5 and 0.6, 60% between
0.6 and 0.7, 15% between 0.7 and 0.75, and 5% between 0.75 and 1. The
distribution across these intervals is taken to be uniform (factor s).
The fraction of the population which spawns at Puysegur rather than spawning off
the WCSI - uniform from 4 to 6% (factor P).
The deep water correction factor - uniform from 0 to 10% (factor d)
The error due to variation in target strength due to size and age composition
changes - lognormal with a CV of 5% (factor a).
The error due to sampling variability (which essentially affects the reliability of
the estimates listed above) - lognormal with a CV of 15% (factor y).

-

If values are generated from each of the 10 distributions described above, a value from
the constant of proportionality can be calculated using the equation

where T1

T

is the fraction of marks which are uncertain,
is the lognormal error associated with those marks which are uncertain,
and

is the fraction of the population that g o to spawn.

Appendix IV :The performance indices
The eleven performance indices are as follows.
E(B94)

x

the estimate of the biomass of mature fish at the start of the 1994
season (i.e..
w: N,,
)
a

Risk (stock)

8

the probability that (i.e. the proportion of projections in which) the
biomass of mature fish (at mid-year) drops below 20% of Bo some
time over the period 1993 to 1998.
Risk (fishery) the probability that the catch drops below 80% of the TACC some
time over the period 1993 to 1998.
Catch
the average annual catch over the period 1993 to 1998.
E ( B ~ ~ ~ / the
B ~mean
) ~ value of the lowest depletion (mid-season) during the
projection period.
E ( B ~ ~ ~ /the
B mean
~ ) ~value of the lowest depletion (mid-season) during the
projection period when the mid-year biomass drops below 0.2B0.
E(Bfin/BMsy) the mean of the ratio of the mid-season biomass at the end of the
projection period to the mid-season biomass corresponding to
MSY (note that BMSY differs from projection to projection
because M changes from projection to projection).
P(Bfin>B~sy)
the probability that the mid-season biomass at the end of the
projection period is larger than the mid-season biomass at which
MSY is achieved.
E(ICt+l-Ctl) the mean of the 5000 future projections of the average change in
catch over the projection period.
CatchLoss
the mean size of a drop in catch given that there is a drop in catch.
P(AC<-x kt)
the proportion of years in which a drop in the catch is greater than
x kt.
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Figure 1 :

.**

(a) fit of a lognormal distribution to estimates of q for species similar to
hoki and (b) the prior for a,.

Year
Figure 2 :

Expected (i.e., the mean of the posterior distribution) depletion (depletion
is the biomass as a percentage of the virgin biomass) time-series obtained
from the base case stock assessment.

Year

Figure 3 :

Expected time-series of the proportion of the historic catch larger than 74
cm (by mass - upper panel, by number - lower panel) obtained from the
base case stock assessment.
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Figure 4 :

Posterior probability distributions for (a) Bo, (b) Blgg3, and (c)
Blgg3/Bo obtained from the base case stock assessment and two of the
sensitivity tests.
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Figure 5 :

Posterior probability distributions for (a) Bo, (b) Blgg3, and (c)
B 1 9 9 9 0 obtained from the base case stock assessment and the four
sensitivity tests which fit the model using one of the three data series only.
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Figure 6(a) : Posterior probability distributions for Bo (upper panel) and Big93 (lower
panel) obtained from the base case stock assessment and six variants. The
abbreviations used in the caption are: stoch - stochastic and deter deterministic.
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Figure 6(b) : Posterior probability dismbutions for Bo (upper panel) and Big93 (lower
panel) obtained from the base case stock assessment and six variants. The
abbreviations used in the caption are: stoch stochastic and deter deterministic.
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Figure 7(a) : Performance indices for the base case stock assessment.
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Figure 7(b) : Performance indices for the base case stock assessment.
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Figure 8 :

Estimates of the proportion of the catch (by mass and numbers) over 74
cm and the time-series of mid-season biomass as a fraction of its average
pristine level for three of the harvesting policies considered.

