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SUMMARY

Management of a marine renewable resource involves selecting z trade-off
between conflicting objectives related to conservation and utilization. This
problem is complicated by uncertainty about the current status and productivity
of the resource being managed, and hence about the implications of alternative
management measures. A general quantitative framework for evaluating these
trade-offs in the face of uncertainty is developed. This framework allows for
uncertainty about the current state of the resource and the observational error
associated with future data. It can assess the performances of a variety of
harvest strategies based on setting total allowable catches (TACs). These include
constant catch, fixed escapement and. constant fishing effort strategies. It is
possible to constrain the changes in TAC from one year to the next. This
framework is illustrated using the eastern stock of gemfish.

It is necessary to quantify the status of the resource to apply this framework. In
this project, the historical trends in, current status of, and productivity of the
eastern gemfish population is evaluated using two age-structured assessment
approaches tailored to the specifics of the gemfish resource. These methods
take account of the two-fishery nature of the resource, explicitly consider sex-
structure, and use the catches, the catch rates in the winter fishery, the length
frequency data and the age-length keys. This resource is estimated to have
declined markedly during the 1980s as a consequence of unsustainable catches
and a long series of weak vyear-classes. However, the assessments cannot
distinguish among alternatives for the relationship between spawning stock size
and future recruitment. The two assessments arrive at different conclusions
regarding the size of the resource relative to AFMAs harvesting target of 40% of

virgin level.

The harvest strategy evaluation is restricted to constant catch and constant
fishing effort strategies. The current status of th:» resource is summarized from
the results of the Bayesian variant of one of the stock assessments. A range of
performance measures (including the average catch and the probability of the
resource being above AFMA’s target by 2020) are used to assess the
performance of each strategy. Most of the strategies considered allow the
resource to recover between 1995 and 1999, but only the relatively conservative
strategies of a 1000 t constant catch or an F,, strategy perform well relative to
AFMAs target. The constant catch strategies result in less variability in TAC from
one year to the next, but do not take as much catch on average as strategies
which adjust the TAC each year based on an annual stock assessment. A notable
result is that strategies which use assessment models which aim at specific target
biomass levels do not necessarily achieve them, even on average. In this
example, the resource tends to stabilize below the targets built into the

assessment models.
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The results of the harvest s fategv evaluation are not notably sensitive to a
variety of sources of uncertainty, including whether recruitment fluctuates

azzdomiy about t ”= stock-recruitment relationship and whether there is auto-
lati 1€ stock-recruitment relationship from

b

ion between the deviations from ¢
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one year to the next.

Although the harvest strategy evaluation has been developed using gemfish a
an exampie, the results should be regarded as preliminary and ﬁzustfatzve Tﬁeif
possible application for management advice awaits further consultation on the
stock assessment results which underlie them.

BACKGROUND

Most harvesting strategies aim to maintain fished stocks at levels which are both
biologically and economically productive. For fisheries managed using output
controls such as TACs or ITQs, a harvest strategy is a rule or method for setting
an annual TAC. Examples of harvest strategies which have been used in such
instances include fixed catches, constant exploitation rates, or attempts to
maintain stocks at some target level. The latter two of these general classes of
harvest strategy will usually require some type of annual quantitative stock
assessment as input to the decision rule underlying the strategy. Strategies will
vary in the extent to which they satisfy alternative management objectives such
as maximizing long term catch (or profits), minimizing year to year variations in
catch, minimizing risks to the stock, and rebuilding depleted stocks.

Use of output controls for fisheries management in Australia is of relatively
recent origin, and is so far limited to a handfull of fisheries. Nevertheless, there
seems to be an increasing trend towards use of this particular form of
management. This has resulted in turn in an increasing emphasis on annual
stock assessments. These are used in the quota setting process, but the way in
which they are used is ad hoc to say the least. Two stocks which are currently
managed under a quota (ITQ) system are orange roughy and gemfish.

NEED

At the outset of this project, there had been no serious attempt to develop a
longer term feedback harvest strategy for an Australian fishery, nor to evaluate
the performance of such a strategy against management objectives. The
objective of the project was to develop the framework and software for such an
evaluation, based around one or more case studies. Initially, the fisheries for
orange roughy and for the eastern stock of gemfish were selected as possible
examples around which to develop such an evaluation. These were selected on
the basis that some preliminary stock assessments were available, and that they
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offered a contrast in current levels of depietion. Orange roughy was seen as a
eloning fisher: w"r\i}@ emfish were regarded as overexploited. A zero

I 3
TAC had been set for the eastern stock of gemfish in 1993.

During the course of the study, further assessments for orange roughy showed
hat these stocks were already fully exploited, and therefore offered less contrast
to gemfish than was first ap‘hc;p te Aiiﬂngn some fixed quota harvest
strategies were investigated for this opeczes, and some economic analyses were
undertaken, the main focus of the framework development is based around the
gemfish case study, and the orange roughy results are not discussed further in
 this report.’

OBJECTIVES

The aim of this study was to develop an integrated biological and economic
framework that can be applied to a number of Australian fisheries. The
framework would allow the evaluation of the relative costs, benefits and risks of
alternative harvesting strategies for both developing fisheries, and for fisheries in
a recovery phase following stock depletion.

As noted above, gemfish was chosen as the main case study for the analyses,
with less attention payed to orange roughy. For this reason there was also less
focus on the economic analyses, as no recent economic data were available for
gemfish due to the closure of the fishery. The proxy for economic performance
in the analyses reported here is long term catch.

The main objective, to develop and demonstrate a framework for harvest
strategy evaluation, was successfully achieved.

METHODS

There are three components of the work described in this report. The first is the
development of the framework for harvest strategy evaluation, and its
implementation as a general purpose computer program. The framework, and
the computer software which implements it, are described in the Appendix to

this report.

" The results of the orange roughy analyses were presented to managers and industry in 1994 through the
South East Fishery Assessment Group (SEFAG). They constitute the principal advice to managers in the
annual stock assessment reports for orange roughy for 1994 and 1995. These analyses were the subject
of an international review of Australian orange roughy assessments, undertaken by Professors Hilborn

and Deriso on behalf of AFMA.
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of gemfish). This assessment needs to incorporate as many cf the uncertainties
about the status of the resource as possible because these uncertainties will
guide the choice of a suitable harvesting strategy. Three stock assessments for
eastern gemfish are described in this report. Chapter 1 of Part Twe of this report
describes the methods for the Bayesian and maximum likelihood assessments,
while Chapter 2 describes an assessment using Stock Synthesis.

The third component is the evaluation of the harvest strategies for eastern
gemfish. The method involves simulating the future management of the resource
under each harvest strategy using Monte Carlo simulation, and an underlying
operating model derived from the Bayesian stock assessment. The details are
descibed in Chapter 3 of Part Two of this report.

DETAILED RESULTS

The detailed results of this study are described in Part Two of this report.

BENEFITS

The direct beneficiaries of this research are the fishers and other users of the
South East Fishery, in particular the quota holders for eastern gemfish. The
results have provided a framework for developing a stock recovery plan for this
fishery, and a set of strategies for a possible re-opening of the fishery.
Implementation of any plans or strategies will require extensive discussion of
the results of this study through the forum of the South East Fishery Assessment
Group, and will almost certainly involve some reassessment of data and re-
specification of assumptions. A workshop of industry, managers and scientists to
undertake these further analyses is planned for early 1996. Rapid progress
should be possible at this workshop since the computer programs developed for
the analyses described in this report should require little modification for the
further work to be undertaken.

The results of this research should also find broader application across a range
of Australian fisheries. In particular, the framework and strategy for a stock
recovery plan for gemfish should find application in the southern shark and
southern bluefin tuna fisheries. :

An important finding of this research is that the assessment techniques and
harvesting strategies currently used in some Australian and many international
fisheries may be inherently unlikely to attain their target exploitation rates. This
is an area that will require further research to develop robust harvesting
strategies for marine fisheries.
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INTELLECTUAL PROPERTY

There is no commercially significant intellectual property arising
research.

FURTHER DEVELOPMENT

As indicated under benefits, further application of these results and analyses to
management of gemfish will occur in the SEFAG workshop in April 1996. This
will involve review and revision of both the gemfish assessments and the
harvest strategy evaluation, but the framework and software for both these tasks
is now well established and should require little modification. Key tasks for this
workshop will be to clarify management objectives, and to identify a wider
range of harvest strategies for consideration.

The framework and software described in the Appendix is being modified
currently for application to evaluate feedback harvest strategies for Southern
Bluefin Tuna. This will require some modification to the VPAs which are
simulated in the harvest strategies, but the overall structure of the program is
well suited to this new application.

Further development of the software should incorporate a wider range of
assessment techniques and harvest strategies, as well as additional performance
indices to measure key economic variables which are relevant to management
objectives.
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CHAPTER ONE

PRELIMINARY STOCK ASSESSMENTS OF EASTERN GEMFISH (REXEA
SOLANDRI) USING BAYESIAN AND MAXIMUM LIKELIHOOD METHODS




PRECIMINARY STOCK ASSESSMENTS OF EASTERN GEMFISH

PRELIMINARY STOCH ASSESSMENTS OF EASTERN GEMFISH (REXEA SOLANDRI} USING
BAYESIAN AND MAXIMUM LIKELIHOOD METHODRS

ANDRE E PUNT

CSIRO BIVISION OF FISHERIES
GPO BOX 1538

HOBART, TAS, 7601

ABSTRACT

Maximum likelihood and Bayesian stock assessments of the eastern population
of gemfish are conducted. The values of the parameters of an age- and sex-
structured population dynamics model are estimated using information on catch
rates, the fraction of winter fishery catches consisting of females, and the age-
composition and length-frequency of the catches. The assessments do not
interpolate catch-at-ages for years for which these data are unavailable. The
sensitivity of the results to a variety of assumptions, priors and weights for the
data is examined. The results confirm earlier analyses which suggest that the
abundance of eastern gemfish was reduced markedly as a result of
unsustainable catches and a long series of weak year-classes. The analyses are
unable to shed much light on the shape of the stock-recruitment relationship
and hence the cause for the severe decline in year-class strength during the late
1980s. The ability to provide reliable and precise estimates for the years after
1991 is hampered by the lack of an abundance index after this year, and urgent
consideration must be given to the development of such an index. However,
unless this index provides an estimate of absolute abundance, it cannot be
incorporated into the analyses for several years even if collection of data started
this year. The analyses indicate fairly robustly that the size of the population’s
relative fecundity has increased since 1993, and is now likely to be greater than
the target level of 40% of the 1979 level'. Some suggestions for further model
development are outlined.

! The harvesting target level is taken to refer to relative fecundity in this paper, although this target is
formally defined in terms of spawner biomass.
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I, iHTRODUCTION
The gemfish (Rexea solandri) rescurce off Australia is divided intc two stocks.

The eastern stock occurs from the SEF boundary at Barrenj joey Point 1o western
Tasmania (Chesson in press). A \/arze“y of age-structured stock assessment
techniques, including Allen’s cohort analysis (Allen 19893, CAGEAN (Deriso erf
al. 1985) and ad boc tuned V?A (Pope and Shepherd 1985) have been applied
to data for this stock in the past. This document gives preliminary stock
assessments based on the discrete separable population dynamics model

described in Appendix A.

The values for the parameters of the population dynamics model are obtained in
this paper using data on catch rates, the fraction of females in the winter fishery
catches and information about the age-composition and length-frequency of the
catches. The sensitivity of the results to applying maximum likelihood and
Bayesian estimation approaches is examined. The methodology upon which the
maximum likelihood analyses are based is similar to the “stock synthesis”
approach (Methot 1989, 1990) while the Bayesian analyses use an extension of
the methodology described in Punt et al. (1994) and McAllister et al. (1994).
Although Bayesian stock assessment methods are relatively new in fisheries (for
instance, see Hilborn et al. 1994; McAllister et al. 1994; Givens et al. 1995;
Walters and Ludwig 1994), they allow the analyst to incorporate (subjective)
prior distributions for model parameters. One of the main features of the
assessments in this paper is that they use the age-compositions only for those
years for which both length-frequency data and age-length keys are available.

2. METHODS

2.1 POPULATION DYNAMICS MODEL

The population dynamics model considered in this analysis (Appendix A) is
age- and sex-structured and takes account of ages up to 20 years, with ages
over 20 being pooled into a plus-group. The summer and winter fisheries are
modelled as pulses at the start of December and in the middle of July
respectively. The number of O-year-olds at the start of the year (December) is
taken to be related to the egg production at the end of the preceding year by a
Beverton-Holt stock-recruitment relationship, which allows for lognormally-
distributed recruitment anomalies. The sex ratio at birth is taken to be 1:1.

The model assumes that the population was distributed about its unexploited
equilibrium level at the start of 1969 when the first substantial catches were
taken during winter. The selectivity pattern for the winter fishery is assumed to
follow a logistic form, while that for the summer fishery is assumed to be dome-
shaped. Both selectivity patterns are assumed to ‘be time-invariant. Natural
mortality is assumed to be independent of age, but sex-specific. The assumption
of sex-specific natural mortality rates is needed to mimic the age-composition of
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the catches by sex. Natural mortality has been assumed tc be independent of
1 5 in PUNITY S oy g o 3

age because of the absence of reliable data to specify its age-dependence

Tables 1 and 2 list the values for the model parameters which are taken to be
known exactly (L., X, t, the parameters of the length-mass relationship and

fecundity-at-age), and the priors chosen for the re rﬂa‘“mg parameters. The
priors are largely arbitrary and were selected by consensus by a group
consisting of Nic Bax, Neil Klaer, Tony Smith and André Punt. They simply
reflect a first attempt at specifying prior distributions for the paxameters of the
model.

2.3 THE LIKELIHOOD FUNCTION

The data available for stock assessment purposes include catches by fishery
since 1969, the fraction of the winter catch (in number) which consists of
females, catch rate-based indices of relative abundance, catch-at-age data and
length-frequency data (length-frequencies are available for some of the years for
which age-length keys are missing). Appendix B details the contributions of the
various data sources to the negative of the logarithm of the likelihood function.

The catches, and the fraction of the winter catch which consists of females, are
given in Table 3. The fraction of females for year y is calculated from the sex-
split of the length-frequency data for that year. Table 4 lists the two catch rate-
based relative abundance indices. The winter-1 series is based on information
on catch-per-standard-day and the winter-2 series on catch-per-hour data from
the SEF logbook database. It is inappropriate to use these two series
simultaneously in an assessment because they are based on the same data. The
base-case analysis (and the bulk of the sensitivity tests) use the winter-1 series,
although the sensitivity of the results to using the winter-1 series from 1973 to
1985 and the winter-2 thereafter is examined in one of the sensitivity tests.

When fitting the model, it is necessary to provide specifications for g and ¢ in
Equation (B.2). For the maximum likelihood analyses, the estimate of the
catchability coefficient, g, is obtained by differentiating Equation (B.2) with
respect to g and solving the resultant equation. There are two ways to deal with
¢, the CV of the catch rate data. One of these is to estimate this quantity as a
parameter along with g and the other model parameters (labelled “CV
Estimated” in the Tables), and the other is to specify the value of this parameter
on a priori grounds (labelled “CV Fixed” in the Tables). The base-case choice
for ¢ for the analyses in which it is fixed has been taken to be 0.15, which is
close to its maximum likelihood estimate. The sensitivity of the results to fixing
c equal to 0.05 and 0.25 is also examined.

For the Bayesian analyses, it is necessary to specify prior distributions for g and
c. The prior for g is taken to be uniform on a log-scale. It can be shown that
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Tabie 5 lists the proportion of the catch by the winter fishery (in number) falling
into each age-class by sex. The catch-at-age data, upon which the values in
Table 5 are based, were obtained by multiplying the annual age-length keys by
the length-frequencies. The latter contain values for lengths which are not
covered by the age-length keys (usually the smallest and largest size classes). An
average age-length key was used to overcome this difficulty. However, as the
estimates for ages 0 and 1 are very small and the estimates for oid (>10-year-
old) fish are pooled, this should not bias the results substantially. In order to
include the age-composition data in the analysis, it is necessary to specify the
effective number of fish aged each year (see Equation B.6). This must be
substantially less than the actual number which are aged each year, because the
ageing sample is rarely a simple random sample of the catch. For consistency
with some of the analyses conducted by Nic Bax, the effective sample size has
been set to 50 for every year for which age-composition data are available.

Length-frequency data are available for some of the years for which age-
composition data are unavailable, in addition to being available for all of the
years for which age-composition data are available. The approach used to
incorporate the contribution of the length-frequency data into the log-likelihood
function (see Appendix B) is similar to the “stage 1” method of Methot (1990).
Length-frequencies are available by sex for the winter fishery and for both sexes
combined for the summer fishery. The effective number of fish sized, N ;, for

the winter fishery is set to 50 for all years which are included in the analysis. It
is set to 5 for the summer fishery. The lesser weight given to the data for the
summer fishery reflects the lesser confidence in these data expressed by
scientists familiar with this fishery. One of the sensitivity tests involves ignoring
the age-composition data altogether and using all of the available length-
frequency data instead.

K. Rowling (pers. comm.) has suggested that the large contribution of the 1990
and 1991 year-classes in the 1992 and 1993 age-compositions (see Table 5) may
reflect early maturation (and hence recruitment to the winter fishery) rather than
two large year-classes. Use of the age-composition data for the youngest age-
classes may therefore lead to positively biased estimates of year-class strength
for those age-classes which have yet to fully-recruit because the model, which
assumes that the selectivity pattern is time-invariant, would interpret early
maturation as strong recruitment. In order to avoid this possible source of bias,
the data for ages 2-4 for females and 2-3 for males are excluded from the
likelihood (i.e. a;, =4 and a’, =5 for the years for which catch-at-age data are

available). For similar reasons, only the contributions from animals larger than
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64 cm (summer fishery), 54 cm (winter fishery males) and 64 cm (winter fishery
the likeiihood (see Equations B.8a and B.8b). Cne of
f} i~

b 1
3 SRS RS P, % + I A1 ~ 3 W i -~ : 1 4o S
the sensitivity tests (“Use all age/length data”) involves dropping these

) . o
females) are included in
restrictions.

2.4 ESTIMATICN PROCEDURES

The prior distributions listed in Table 1 are also incorporated into the maximum
likelihood analyses to enhance the comparability of these and the Bayesian
analyses. This is achieved by using the limits of the uniform distributions in
Table 1 as bounds for the estimates of the model parameters; if a parameter is
outside its bounds (for example, if B, exceeds 80,000 t), the negative log-
likelihood is set to a very large value. The lognormal prior distributions for the
recruitment anomalies (both those which constitute the initial conditions and
those which apply to births after 1969) are included in the maximum likelihood
analyses by adding the following component to the negative of the log-
likelihood function:

82

P )

2
Y 20

r

where the summation is taken over all 46 recruitment anomalies, and o, is
assumed to be 0.6 for the base-case analysis (see Table 1).

This is equivalent to treating the recruitments (in absolute terms) as parameters
while at the same time allowing for a stock-recruitment relationship (e.g.
Fournier and Archibald 1982; Methot 1989, 1990). The implication of the
inclusion of Equation (1) in an analysis is that a recruitment anomaly will be
assumed to be zero (i.e. recruitment is equal to the prediction from the
deterministic component of the stock-recruitment relationship) unless there are
data which indicate otherwise. Another way of interpreting the maximum-
likelihood results is that they are Bayesian modal results. This is because the
maximum-likelihood parameter estimates correspond to the maximum of the
posterior distribution.

In summary then, for the base-case maximum likelihood analysis, the values for
62 parameters (B, M", M, b, g, ¢, the 46 recruitment anomalies (20 for the initial
year and one for each of the years 1970 to 1995) and 10 selectivity parameters)
are obtained by maximizing the sum of the negative of the log-likelihood
function (see Equation B.9) and Equation (1), while the base-case posterior
distributions for these parameters are obtained by integrating the likelihood
function over the prior distributions. The Metropolis algorithm (see Appendix C)
is used to perform the numerical integration needed to calculate the posterior
distribution for the Bayesian calculations.

10
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2.5 SENSITIVITY TESTS

2.5.7 MAXIMUM LIKELIHOOD ANALYSIS

The sensitivity of the results to the weight given to the various data sources is
examined by dropping the age-composition data (“No age-data”™) and by
changing the (fixed) CV assigned to the catch rate series to 0.05 and 0.25
(“CV,,.=0.05” and “CV_,=0.25" respectively). The other sensitivity tests related
to data selections are.

cpue
a) Dropping the restriction to age and length data older/larger than pre-
specified minimums (“Use all age/length data”).

b) Replacing the contribution of the age-composition data to the
likelihood by that of the length-frequency data (“Length data only”).

c) Omitting the winter-1 catch rates for 1986 onwards from the
likelihood and including the winter-2 catch rate series instead (“With
winter-2").

d Omitting the length-frequency data for 1994 (“No 1994 data”).

The sensitivity of dropping the term involving the recruitment anomalies
(Equation 1) is examined to assess the impact its inclusion into the likelihood
(“o,=). Additional sensitivity tests involve setting the steepness parameter (b -
see Equation (A.9)) to 0.9, assuming that the natural mortality rates for males
and females are the same, assuming that the selectivity pattern for the summer
fishery is flat-topped, and changing the CV assumed for the recruitment
anomalies to 0.8 and 0.4 (labels “Steepness = 0.9”,  “M '= M™, “Slope = 0,
“c.= 0.8” and “c, = 0.4” respectively).

2.5.2 BAYESIAN ANALYSES

The Bayesian analyses are much more intensive computationally than the
maximum likelihood analyses, so only a small subset of the earlier sensitivity
tests is conducted.

a) The age-composition data are ignored (“No age-data”).
b) The length-frequency data for 1994 are ignored (“No 1994 data”)”.

c) Allowance is made for correlation among the recruitment anomalies
(“With correlation”).

% The results for this sensitivity test have been computed from those for the base-case analysis using the
resampling technique outlined by Givens et al. (1994).

11
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Sensitivity test ¢) is necessary because the base-case results indicate that there is
considerable covariance between successive recruitment anomalies — this is
hardly surprising if the reason for the recruitment anomalies is the impact of
some (autocorrelated) environmental variable (or variables). However, the
(joint) prior distribution for the recruitment anomalies (Equation 1) assumes that
these anomalies are independent and this could potentially bias the results.
Sensitivity test ¢} is implemented by replacing the contribution of recruitment
anomalies (Equation 1) by an expression which allows for the possibility of
inter-annual correlation (see Appendix D for details):

AERANT (A

/n_|o]det 1 T oor|E || T T | g (2)
L’rz T IJ rLS%JLTz T IJL:%/

where 7 is the correlation between recruitment anomalies for adjacent years.

It is necessary to specify prior distributions for T and ¢ in order to implement
this sensitivity test. There are, however, few data available which can be used to
specify informative priors for these parameters (though the data reported by
Myers and Barrowman (1995) could, in principle, be used to develop such
priors). Instead of specifying informative priors for T and ¢’ based on data for
other species, “noninformative” priors (t ~ U[~1,1] and &, ~ U[0,1.2]) have been
used.

3. RESULTS

3.7 MAXIMUM LIKELIHOOD ANALYSES

Table 6 lists the estimates of eleven management-related quantities and values
for two diagnostic statistics for the base-case maximum likelihood analysis and
the sensitivity tests. Unless specified otherwise, the parameters estimated for
each analysis are: B,, M", M, the recruitment residuals, steepness, ¢, ¢, and the
parameters which define the selectivity ogives. The thirteen statistics reported in
Table 6 are:

a) B, the virgin exploitable biomass’.

b) B,/B, the ratio of the exploitable biomass at the start of 1969 to
the virgin level (expressed as a percentage).

* Exploitable biomass is defined here by the selectivity pattern for the winter fishery and the mass-at-age
vector for the summer fishery.

12
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<) B,,/B, the ratio of the exploitable biomass at the start of 1991 to
the virgin level (expressed as a percentage)
) B,,/B, the ratio of the exploitable biomass at the start of 1994 to
the virgin level (expressed as a percentage)
e) B the exploitable biomass at the start of 1994.
9 SB,001/ SBg the ratic of egg production at the start of 1991 to that
at the start of 1979 (expressed as a percentage).
g) SB.,,/SB,,,  the ratio of egg production at the start of 1994 to that
at the start of 1979 (expressed as a percentage).
h) SB,y,/SB,,,  the ratio of egg production at the start of 1995 to that
at the start of 1979 (expressed as a percentage).
i c the (estimated) CV of the residuals about the winter-1 catch
rate series. '
. M the (age-independent) rate of natural mortality on males.
k) M the (age-independent) rate of natural mortality on females.
D b the “steepness” of the stock-recruitment relationship.
m) -LnL  the negative log-likelihood corresponding to the parameter

values presented.

3.1.1 BASE-CASE ANALYSIS

The fit of the base-case model (CV fixed) to the winter-1 catch rate series is
shown in Figure 1(a) and the fit to the catch proportion-at-age data in Figure 2.
Figure 3 shows the fit to the length-frequency data for the winter fishery for the
years for which age-length keys are unavailable. The fit to the winter-1 catch
rate series is good by marine fisheries standards (G = 0.144). The fits to the age-
composition data are also good, although the fits to the data for males are
somewhat poorer than those for females (Figure 2). The fits to the length-
frequencies (Figure 3) are noticeably poorer than those to the age-composition
data, although there is no evidence for systematic patterns in the residuals
which might suggest model mis-specification.

Table 6 and Figure 4(a) indicate that the population was at its virgin level in
1969 and increased between 1974 and 1979 in response to the strong 1970-1975
year-classes. Weaker than average vyear-classes between 1977 and 1979
combined with relatively large catches between 1977 and 1982 led to a marked
decline in biomass over the latter period (Figure 4a). Although the catches after

13
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increase in biomass owing to another sequence
to an ever increasing exploitation rate
year-class is very much larger (237%) 1
fitted stock-recruitment relationship. This is a consequence of the need to fit the
high proportion of animals in the 54-64 cm length-class in the length-frequency
distribution for males for 1994 (see Figure 3). If the data for 1994 are ignored
(Figure 4b; Table 6 “No 1994 data”), the estimates of the recruitment anomalies
for the years prior to 1990 are almost the same as those for the base-case.
However, the 1990 year-ciass is much smaller. Note that there is evidence that
the 1990 year-class is substantially larger than expected in the age-composition
data (a high proportion of two-year-olds in the 1992 catch followed by a high
proportion of three-year-olds in the 1993 caich), but these data are not used in
the base-case analysis (see Equation B6) for the reason given in Section 2.3.

weak year- Easces which led
fishery (Figure 5). The 1990
t predicted by the (d zern‘ln-&ic )

The base-case estimate of virgin exploitable biomass (17,700 t) is larger than
previous estimates of this quantity, although care needs to be taken when
comparing estimates from different analyses to ensure that “like is being
compared with like”. The estimate of current (1994) exploitable biomass is 31%
of this at 5,500 t, down slightly from 33% in 1991. The harvesting target level
established for this stock is 40% of the relative fecundity (spawner biomass) at
the start of 1979 (Chesson in press). The current (1995) relative fecundity is
larger than this target level. SB,,. is 14% larger than the relative fecundity at the
start of 1994 and almost twice as large as the 1991 relative fecundity — the
lowest relative fecundity is predicted to have occurred at the start of 1992 when
it was 29.3% of the 1979 level. One of the reasons that the relative fecundity is a
larger fraction of the 1979 level in 1995 than is exploitable biomass, is that
animals of ages 4 and 5 (the very strong 1990 and above-average 1991 year-
classes) make a notable contribution to the relative fecundity, whereas they
make a much smaller contribution to the exploitable biomass. This occurs
because the fecundity (Table 2) of 4- and 5-year-olds is much greater relative to
other ages than the product of age-specific selectivity and mass-at-age.

The natural mortality rate for males (0.484yr") is larger than that for females
(0.373yr"). This is a consequence of the age-composition data in which males
dominate the catch of the younger (<5-year-old) individuals while females
comprise the bulk of the catch of older (>7-year-old) animals. The estimate of
steepness for the base-case analysis is 0.5 (the minimum value permitted).
However, the value for the negative log-likelihood for the “steepness = 0.9”
sensitivity test (Table 6) indicates that the data have little power to discriminate
among alternative values for this quantity.

As was the case in the past, the stock-recruitment plot suggests that poor
recruitment occurred at a comparatively high relative fecundity (Figure 4a) and
that the apparently very good 1990 year-class occurred at a smaller relative
fecundity. Note that the 1992-1995 year-classes are all assumed to be “average”
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3.1.2 THE SENSITIVITY TESTS

In general, the qualitative features of the assessment are insensitive to the
weight assigned to the various data sources and the specifications of the model
(Table 6). The discussion below focuses on the results for “CV fixed” because
the results for “CV estimated” are qualitatively the same.

As expected, the fit to the winter-1 catch rate series improves markedly if the
age-composition and length-frequency data are ignored altogether (row “No
age/length data” in Table 6; Figures 1b and 4c). The fit to these data is also
sensitive to the CV assumed when evaluating the likelihood (rows “CV_ = 0.05”

and “CV_, = 0.25” in Table 6; Figures 1c and 1d). It is notable that the pdech’ming
trend in catch rate from 1987 onwards can only be mimicked if the catch rate
data are given greater weight than that assigned by the base-case analysis
(contrast the results for “No age/length data” and “CV_, = 0.05” with those for
“base-case” and “CV_,, = 0.25” in Figure 1). Including the winter-2 catch rate
series in the analysis leads to a much more pessimistic assessment and the
suggestion that the exploitable biomass has. declined since 1991 (Figure 4d).
The 1995 relative fecundity is again larger than that for 1994 because this

analysis also suggests that the 1990 year-class is very strong.

Including all of the age-composition data (i.e. acf’ ,=a;,=2) in the analysis has

almost no impact on the estimates for the years before 1991, but suggests that
the 1991 vyear-class is markedly larger than expected (488% of the value
predicted by the fitted stock-recruitment relationship) — Figure 4e. This estimate
is also evident in a much larger relative fecundity at the start of 1995 (Table 6).
Dropping the age-length keys from the analysis has a relatively small impact on
the results, although there is an indication of a continued reduction in biomass
(Figure 4f). This confirms the view that most of the information in the age-
composition data comes from the length-frequency data (or alternatively that-the
information in the age-length keys complements that in length-frequencies).

Setting the slope of the selectivity function for the summer fishery (y in Equation
A.14) equal to zero has virtually no impact on the results. This is hardly
surprising because the length-frequency data for the summer fishery are given
very little weight in the fitting process. On the other-hand, the other sensitivity
test which involves simplifying the model (“M = M™) provides a fit which is
significantly poorer than that of the base-case model, showing that it is
inappropriate to consider the natural mortality rates for males and females as the
same. Changing the CV assumed for the recruitment anomalies from 0.6 to 0.4
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and 0.8 does not affect the results markedly, although increasing it does allow

Setting the value of ¢ =o (effectively dropping the term involving the
recruitment anomalies from the likelihood) results in markedly different
behaviour (Figure 4g). Without the constraint (prior) on the e
anomalies, the estimates of these parameters for 1984 -1990 are much less than
the base-case values, and the 1991 year-class is estimated to be over 10 times
larger than the value predicted by the stock-recruitment relationship. The
recruitment anomalies for the first few years are also larger than the base-case
values. Setting ©, =0 allows the recruitment anomalies to be chosen to fit the
data without being constrained by the stock-recruitment relationship in any way.
This can lead to extreme values being selected to fit “quirké” in the data (as is
the case for the 1991 year-class) which is, of course, undesirable.

3.2 BAYESIAN ANALYSES

3.2.1 BASE-CASE ANALYSIS

The results of the base-case Bayesian analysis are shown in Figures 5 and 6(a).
In terms of medians, the results are qualitatively (and quantitatively) the same as
those for the base-case maximum likelihood analysis shown in Figure 4(a). This
suggests that the results of the Bayesian analysis are dominated by the data
rather than by the choice of priors.

As expected, the 90% probability intervals for the early and most recent
recruitment anomalies are very wide — the posterior distributions for the recent
(post-1992) recruitment anomalies are essentially identical to their priors (Figure
6a) because the available data do not provide information about these
recruitments. However, for most of the parameters of the model, the prior
distributions are updated markedly by the data (e.g. Figures 7a and 7d). This is
also illustrated in Table 7(a) which lists posterior medians, 90% intervals and the
ratios of the posterior variances to those of the priors for several parameters.
The values of the steepness parameter and the parameters of the selectivity
functions for the summer fishery are not well determined by the available data,
as illustrated by the near-100% variance ratios. The former is not surprising,
because the relative fecundity does not drop into the region where the effect of
the stock-recruitment relationship is marked, and the latter is a consequence of
the low weight given to the data for the summer fishery. The lack of updating is
reflected in Figures 7(b) and (c) which indicate that the prior and posterior
distributions are very similar. As expected from the results in Table 6, the model
shows a preference for lower rather than higher values for steepness. Although
the marginal posteriors for M' and M" overlap, the posterior for M/M" (Figure 8)
indicates that the model provides strong evidence that the natural mortality rate
for females is less than that for males.
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The posterior median for B, /8, is larger than unity (although the 90%
probability intervals overlap unity) and consequently the posterior medians for
By /B, and B,,/B, are larger than the maximum likelihood estimates. Scaling
the results to 1969 leads to virtual agreement between the posterior medians
and the estimates in Table 6. The estimate of the ratio of 1995 to 1979 fe‘aﬁV"
fecundi ty is also somewhat more optimistic than the estzma of this ratio

Table 6. The probability that the 1995 relative fecundity is less than 40% of the

1979 level is only 3.5%, aithough the probability that the ‘995 elative fecundity
was less than this level is 92.1% (before the strong 1990 year-class entered the
spawning population).

Figure 9 shows the marginal posterior distributions for four quantities that are of
interest for fisheries management: B, B,,,, B,,./B,, and SB,,./SB,,,,. Although the
posterior for B, is roughly normal, that for B,,, and consequently those for the
other two quantities are skewed towards positive values. The posterior for
SBys/SB,y, is particularly skew, which explains why the 90% intervals in Table
7(a) for this quantity are markedly nonsymetric. Although the posterior for B, is
fairly tight (posterior CV = 15.1%), that for B,,/B, and particularly that for
SB,,,s/SB,,,, are less so (posterior CVs of 19.2 and 29.6% respectively). The
marked difference in estimation precision between the last two quantities might
suggest a preference for basing harvest targets on exploitable biomass rather

than relative fecundity.

3.2.2 SENSITIVITY TESTS

The results for the three sensitivity tests are summarised in Figures 6(b) - (d)
and Tables 7(b) - (d). The posterior distributions for the “No age/length data”
sensitivity test are, as expected, much less tight than those for the base-case
analysis. This is most noticeable for the recruitment anomalies (Figure 6b), the
model parameters (Table 7b) and B, (Figure 10b). Unlike the situation for the
base-case analysis, the results of the “No age/length data” analysis do not
indicate a substantial reduction in recruitment during the late 1980s and a strong
1990 cohort. Qualitatively, however, the base-case pattern in the recruitment
anomalies is captured by this analysis even though it does not use age-
composition data. The usefulness of the age-composition data is best
highlighted by the results in Table 7(b) — the posterior distributions for the
selectivity parameters are virtually identical to their priors and the posterior
distributions for the natural mortality rates are markedly wider than for the base-
case analysis. Thus, the results of this sensitivity test confirm the intuitive notion
that age-composition data are needed to estimate selectivity and natural

mortality.

The mean of the posterior for virgin biomass for the “No age/lehgth data”
sensitivity test is almost twice as large as the base-case value. However, it is far
less precisely determined (Table 7b; Figure 10b) and is relatively close to the

17



PRELIMINARY STOCK ASSESSMENTS O0F EASTERMN GEMEISH

, S L o
prior mean of 45,000 t. This suggests that the posterior distribution for B, (and
consequently the absolute magnitude of the biomass tra;ecaoz"y, is driven to a

considerable extent by the choice of the B, prior.

The posterior means for the “No 1994 data” sensitivity test ’guws 6¢ and 10c
and Table 7¢) are sin 'i to the point estimates for the corresponding maximum
likelihood analysis (Figure 4c), although the mean of the posterior for B, is
slightly smaller than the point estimate from the maximum likelihcod analysis.
The posterior distributions for this sensitivity test are generally as tight as those
for the base-case. As expected, the resuits for this sensitivity test differ quite
markedly (in terms of posterior medians and widths) from those for the base-
case analysis for the more recent recruitment anomalies (Figures 6a and 6¢)

Qualitatively, the results of the “With correlation” sensitivity test (Figures 6d and
10d and Table 7d) are similar to those for the base-case analysis. However,
there are some notable quantitative differences. For example, the posterior
mean for the current (1994) exploitable biomass is 26.7% smaller than the base-
case value and is only 26.8% of B, (the base-case value is 30.6%). The posterior
for B, (Figure 10d) is wider than that for the base-case. However, this is a
consequence of correlation between B,, ¢, and 7. Eliminating this correlation
results in a posterior for B, which is comparably as precise as that for the base-
case analysis. The probability that the 1995 relative fecundity is less than 40% of
the 1979 level is 44.1% for this sensitivity test (compared with 3.5% for the base-
case analysis). This more pessimistic appraisal of current status is a consequence
of the much weaker 1990 year-class (Figure 6d). Although the length-frequency
data for 1994 suggest that this is a strong year-class, the estimate of the
correlation between recruitment anomalies is high (see Figure 11). This high
correlation implies that the likelihood of a very strong 1990 year-class after a
long sequence of weak vyear-classes should be relatively small. The “with
correlation” sensitivity test thus “downweights” the probability of this occurring
through Equation (2). '

Figure 11 indicates that the data are able to update the uniform prior
distributions assumed for ¢, and Tt markedly. The posterior mean for &, is 0.80,
or 33.3% larger than the value assumed for this parameter in the base-case
analysis, although the 90% intervals for &, [0.53, 1.12] include the base-case
value. The posterior mean for T is very large although this is not unexpected
given similar estimates of this quantity for other marine fish species (Myers and
Barrowman 1995, Table 4). Not unexpectedly, the 90% confidence intervals for T
exclude the assumption of a white-noise process (i.e. T = 0). |

4. DISCUSSION

The results of the analyses indicate that the eastern gemfish population declined
markedly between 1980 and 1991. The point estimates / posterior means.of the
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The situation in 1994 and beyond is less clear because the results depend rather
critically on whether or not the 1990 year-class was much stronger than
expected. The majority of the analyses indicate that the 1994 biomass was larger
than that in 1991, although the base-case analysis indicates otherwise. The
results for relative fecundity are more consistent for recent trends and suggest
that this quantity should have increased from its 1991 level. The inability to
make strong statements about the status of the population after 1991 is a
consequence of the lack of an abundance index for these years. This problem
will not be solved by the acquisition of further age-composition and length-
frequency information, and urgent consideration must be given to the
development of a reliable index of abundance. Unless such an index provides
estimates of absolute abundance, it will take several years before it can be
incorporated into the stock assessment, with the implication that for the next
several years, the reliability of estimated trends in abundance will be relatively
poor and sensitive to model assumptions.

The method applied in this document could be extended by basing the
calculations on a length-structured rather than an age-structured population
dynamics model. Cooke e al. (1983) develop a length-structured estimation
procedure for sperm whales which could probably be modified for application
to eastern gemfish. The application of this approach would be computationally
complex, but would simplify the process of specitying prior distributions for the
selectivity parameters (selectivity would be a function of length rather than age)
and developing the model-estimates of the length-frequencies. The analyses in
this document are all based on a single population dynamics model and, in
particular, a single functional form for the stock-recruitment relationship. There
is a need to examine different models further.

The prior distributions specified in this document are very preliminary, but it
appears from Figures 6 and 7 and Table 7 that the results should not be
markedly sensitive to alternative specifications for most of them. The results are
sensitive to the prior assumed for B, (especially if the age/length data are not
included in the analysis) and the data provide little information about steepness
(b) so that the posterior for this quantity is essentially the same as its prior
(Figure 7). The prior selected for the analyses in this paper restricts » to the
range 0.5 to 1. This selection is consistent with the estimates of » derived by
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future toc basing Bayesian analyses on a prior which allows for correlation
among recruitment anomalies, even though this is computationally much more
intensive than an analysis which assumes the extent of correlation. This is
because the estimated performance of alternative harvest regimes can be very

sensitive to the level of this correlation (unpublished data).

The analyses in this paper are all based on the assumption that the winter catch
rate series are linearly proportional to abundance. If this were not the case and,
for example, they were proportional to the square-root of abundance (i.e. catch
rate declines more slowly than abundance), the estimates presented here will be
overly optimistic (see, for example, the analyses of Andrew and Butterworth
(1987) and Patterson and Kirkwood (1995)). Although every effort has been
made to select “standard” vessels, areas and times when constructing the catch
rate series, the warning of Walters and Ludwig (1994) that “almost all catch rate
series contain misleading trends due to temporal changes in gear efficiency and
increasing catchability as stock size declines” cannot be ignored. Note that the
problems associated with a violation of this assumption pertain not only to the
results of this document but to all of the assessments of eastern gemfish
presented to SEFAG.

None of the stock assessment methods which have been applied to gemfish
have been examined by simulation to assess their likely levels of bias. Such
analyses (e.g. Punt 1989; Cordue and Francis 1994) could indicate that some of
the methods which have been applied to this stock are either markedly biased
or highly imprecise. For example, the analyses presented here are restricted to
the use of age-composition data for the years for which age-length keys are
available. Other assessments of this stock (e.g. Allen 1989; Chesson in press) are
based on a catch-at-age data set for the entire 1969-1994 period. For these
assessments, therefore, the age-compositions for the years for which age-length
keys are unavailable have to be interpolated (or guessed). Although this might
provide unbiased estimates of age-compositions, it is questionable whether it is
an appropriate procedure to develop age-compositions for use in age-structured
stock assessment methods, because the age-compositions for adjacent years will
be highly correlated and this cannot be directly accounted for in the analyses. It
would seem reasonable that an approach which uses only the available data
should be less likely to provide biased results, but this cannot be shown
conclusively without conducting some simulation tests.

20



PRELIMINARY STOCK ASSESSMERNTS OF EASTERN GEMEISH

5. ACKNOWILEDGEMENTS

These analyses would not have been possible without the data collected and
orovided by Mr Kevin Rowling, NSW Fisheries Research Institute. The Central
Aging Facility is alsc thanked for p’ov;szon of recent age length keys. Neil Klaer
is thanked for calculating the estimates of catch-at-age. Mic Bax, Jean Chesson,
Neil Klaer, Kevin Rowling, David Smith, Tony Smith and Sally Wayte are
thanked for their advice and comments on early drafts of this document.

&. REFERENCES

ALLEN, K.R. 1989. A cohort analysis of the gemfish stock of southeast Australia.
Document submitted to the Demersal and Pelagic Fish Research Group 29.
Nov. 1989. 51 pp. '

ANDREW, P.A. and BUTTERWORTH, D.S. 1987. The influence of historic catch-
effort data on the precision with which hake management variables can be
estimated. Colln. Scient. Pap. int. Commn SE. Atl. Fish. 14(I): 7-38.

BERGH, M.O. 1986. The Value of Catch Statistics and Records of Guano Harvests
Jfor Managing Certain South African Fisheries. Ph.D. Thesis, University of
Cape Town. 335 pp.

COOKE, J.G., DE LA MARE, W.K. and BEDDINGTON, J.R. 1983. An extension of
the sperm whale models for simulation of the male population by length
and age. Rep. int. Whal. Commn 33: 731-733.

CHESSON. J. In. Press. Eastern Gemfish 1995, Stock Assessment Report, South
East Fishery Assessment Group. Australian Fisheries Management
Authority, Canberra.

CORDUE, P.L. and FRANCIS, RI.C.C. 1994. Accuracy and choice in risk
estimation for fisheries assessment. Can. J. Fish. Aquat. Sci. 51: 817-829.

- DERISO, R.B.,, QUINN, TJ. and NEAL, P.R. 1985. Catch-age analysis with
auxiliary information. Can. J. Fish. Aquat. Sci. 42: 815-824.

FOURNIER, D. and ARCHIBALD, C.P. 1982. A general theory for analyzing catch
at age data. Can. J. Fish. Aquat. Sci. 39: 1195-1207.

FRANCIS, RIC.C. 1992. Use of risk analysis to assess fishery management
strategies: a case study using orange roughy (Hoplostethus atlanticus) on
the Chatham Rise, New Zealand. Can. J. Fish. Aquat. Sci. 49: 922-930.

GIVENS, G.H., RAFTERY, A.E. and ZEH, J.E. 1994. A reweighting approach for
sensitivity analysis within the Bayesian synthesis framework for population
assessment modeling. Rep. int. Whal. Commn 44: 377-384.

21



PRELIMINARY STOCK ASSESSMENTS OF EASTERN GEMFISH

;
“\4
1l
) 2
(f)
9]
o
3
rrl
fa
o
jes|
8
a.
j=v)
-
-
fri
[
&
=S
e}
¢ [N
SEN)
D
A2l
o8
o
»
()]
w
4
=
1)
o]
Lt d
@)
Wy
5 g
(‘D
oy
[qY)
Li‘
ok

HASTINGS, W.K. 1970. Monte Carlo sampling methods using Markov chains and
their applications. Biomelrika 57: 97-109.

HILBORN, R., PIKITCH, E z{ and MCALLISTER, M.K. 1994. A Bayesian
estimation and decision analysis for an age-structured model using biomass
survey data. Fish. Res. 19: 17-30. :

MCALLISTER, M.K., PIKITCH, E.K., PUNT, A.E. and HILBORN, R. 1994. A
Bayesian approach to stock assessment and harvest decisions using the
sampling/importance resampling algorithm. Cawn. /. Fish. Aquat. Sci. 51:
2673-2687.

METHOT, R. 1989. Synthetic estimates of historical abundance and mortality for
northern anchovy. American Fisheries Society Symposium 6: 66-82.

METHOT, R. 1990. Synthesis model: an adaptable framework for analysis of
diverse stock assessment data. Bull. int. Novth Pac. Fish. Commmn 50. 259-

277.

MYERS, R.A. and BARROWMAN, NJ. 1995. Time series bias in the estimation of
density-dependent mortality in stock-recruitment models. Can. J. Fish.

Aquat. Sci. 52: 223-232.

PATTERSON, K.R. and KIRKWOOD, G.P. 1995. Comparative performance of
ADAPT and Laurec-Shepherd methods for estimating fish population
parameters and in stock management. ICES J. Mar. Sci. 52:183-190.

POPE, J.G. and SHEPHERD, J.G. 1985. A comparison of the performance of
various methods for tuning VPAs using effort data. /. Cons. int. Explor. Mer

42: 129-151.

PIKITCH, E.K., HILBORN, R., MCALLISTER, M.K. and PUNT, A.E. 1993. Stock
assessment and decision analysis for the western stock of hoki in 1992.
N.Z. Fisheries Assessment Research Document 93/10. 46 pp.

PUNT, A.E. 1989. A further preliminary comparative investigation into the
performance of catch-effort model estimation procedures used in the
management of the ICSEAF hake stocks. Colln. Scient. Pap. int. Commn SE.

Atl. Fish. 16(ID: 63-122.

PUNT, A.E., MCALLISTER, M.K., PIKITCH, E.K. and HILBORN, R. 1994. Stock
assessment and decision analysis for hoki (Macruronus novaezelandiae)
for 1994. N.Z. Fisheries Assessment Research Document 94/13. 47 pp.

22



OF EASTERN GEMFISH

SSESSMENTS

PRELIMIENARY STOCK 4

posterior probability
b. Aguai. Sci. 51

C.J. and LUDWIG, D. 1994, Calcul
distributions for key population parameters. Can. J. Fis

23



RELIMENARY STOCK ASSESSHMERTS 0F EASTERN GEMFISH

APPEMDIX A : THE POPULATION DYNARICS MODEL

3

The model considered in this appendix is age- and sex- S{T;‘UC“ red, | account
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of two pulse fisheries, and assumes that the number of births is r
total egg production of the population by means of a Be*venon—H olt stock
recruitment relationship.

BASIC POPULATION DYNAMICS

The resource dynamics are modelied using the equations:

([Vy‘ﬂ 0 a=0
Nia= Ny‘al a=1,.,x-1 (A.1)
N Y el a=x
where
NJ, is the number of fish of sex s and age a at the start of year
vz
N ya is the number of fish of sex s and age a at the end of year
Y
Nu= (N, e = O™ = Che 42
NJ, is the number of O-year-olds of sex s at the start of year y,
M’ is the (age-independent) rate of natural mortality on fish of
sex s,
c is the catch (in number) of fish of sex s and age a during
the summer fishery of year y,
Cf[f is the catch (in number) of fish of sex s and age a during
the winter fishery of year y,
t is the time between the start of the year and the mid-point

of the summer fishery,
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x is the maximum age considered (taken to be a plus-group)
BIRTHS
2
¢ . o 5 €,-6G/2 ~
N o=05[E _/a+B E _Dle” (A3

where F, is total egg production at the end of year :

- 32
E = 2} £ N, (A.4)
S, is the fecundity of a female of age 4,
g, is the recruitment anomaly for year y (¢, ~ N O;67),
o is the standard deviation of the logarithm of the multiplicative

fluctuations in births (approximately the coefficient of variation
of the fluctuations in recruitment), and

o, B are the stock-recruitment relationship parameters.

INITIAL CONDITIONS

Were there no fluctuations in recruitment, the resource would be assumed to be
at its pre-exploitation 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 y; 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 equations:

N; . =05R,exp(-ab*)e= ™" 0<a<x-1
N;  =05R,exp(-xM*)/{1-exp(-M")} . oa=x

(A.5)

where R, is the number of O-year-olds at the deterministic equilibrium that
corresponds to an absence of harvesting, and €, is a random variable from

N(0:6?). A value for R, is calculated from the value for the virgin biomass at
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inter fishery and the mass-at-age vector for the summer

2

where 52 is the selectivity of the fishing gear used during the winter
fishery on fish of sex s and age 4, and

w, is the mass of a fish of sex 5 and age a during the winter
fishery:
wi =b; (L))" (A7)
L; - Li(l_e—K:(a—'tg)) ' (AS)

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 o and B are calculated from the values of R, and the "steepness" of
the stock-recruit relationship (b). The "steepness" is the fraction of R, to be
expected (in the absence of recruitment variability) when the total egg
production is reduced to 20% of its pristine level (Francis 1992), so that:

~.1-h
“ =5
_5h-1
b= 4hR, (A4.9)

B} :%{ifa exp(—(a+ DM’ )+ f, exp(—(x+1)Mf)/{l—exp(—Mf)}}

a=1

CATCHES

The catch (in number) of fish of sex s and age a during the summer fishery in
year y, C;%, is calculated from Cj, the catch (in mass) during the summer

y.a)

fishery, using the equation:

Cyo =S F)N; e (A.10)
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wher S is the selectivity of the gear used during the summer fishery
on fish of sex s and age 4, and
F),I is the exploitation rate on fully-selected fish during the
summer fishery of year y:
1_~1."‘§"x,s gy pps ~,1M" IA 1Y
Fo=CT 2,2, W, SNy, (A.11)
s a=0

The catch (in number) of fish of sex s and age a during the winter fishery in
2,8 : H 3 2
year y, C., is calculated from C , the catch (in mass) during the winter fishery,

a?

using the equation:

Cz,s,obs i s ’
; y.a Ha<a
C)z':‘;\ = 2.8 2 s —-t Loy ~6M -C’y (A 12)
S, Fy (N;, ! C e ? otherwise
where a,, is the lowest age included in the likelihood for sex s and year
y (catches of ages less than this are removed directly under the
assumption that they are measured exactly),
Cyf, oS is the observed catch during year y of animals of sex s and
age a by fishery f (summer or winter).
F?  is the exploitation rate on fuily-selected fish during the winter

y

fishery of year y:

Y Zw cre 1y Z WS (1 e M = e (A13)

.\aa

SELECTIVITY

The selectivity pattern (for each fishery / sex) is given by:

(1+e—(a—aso)*5 )~1 ‘ ifa< Qs
S = (A.14)

¢ ~(a~asy)*8 Y71~y (a—ags)
1+e (a~asg) e Y 95 .
( ) ifa=a,

where asg,is the age-at-50%-selectivity,
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+1 S
1 the age-at-5

Eveballing the data suggests that y=0 for the winter fishery. There are thus three
parameters for each sex for the summer fishery: the age-at-50%-selectivity, the
age-at-95%-selectivity, and the selectivity slope parameter, and two for each sex
for the winter fishery: the age-at-50%-selectivity, and the age-at-95%-selectivity.

DATA SERIES

The catch rate data for the winter fishery are assumed to be proportional to the
exploitable biomass in the middle of the winter fishery:

X
2 _ s Q2.8 s M sy MY s
B),—EZO,WQ S e C)e 2 /2]
5 a=

(A.15)

The age-structure information is taken to be proportional to the model-predicted
catches-at-age (i.e. {C;’,fl and Cyz:-}). The estimate of the fraction of the catch in

2cm length-class L (I=1,2, .. 43) in year y (for a given sex and fishery) is
calculated using the equation:

¢,.=2.C, a,L) (A.16)

where ®(a, L) is the probability that a fish of age a lies in length-class L (where
length-class L ranges from 28+2*L to 30+2*L cm):

(enL—¢nL,)?

£n(3042L) 1
®P(a,L) = T v 200" denl, (A.17)
n(28+2L) a

L, is the mean length of a fish of age a (computed using the Von Bertalanffy
growth equation parameters), and

o, is the standard deviation of the logarithm of the length of a fish of age a
(the standard deviation of the length of a fish of age 1 is taken to be 3.5cm
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and that of a fish of age 20, 5cmy; the standard deviations for ages 2 to 19
are calculated by linear interpolation between ages 1 and 20).

APPENDIX B : THE LIKELTHOOD FUNCTION

The catch rate time series is assumed to provide indices which are log-normally
distributed about their expected values with a constant coefficient of variation,
Le.
. o2
O, = ln(gk;) +n, N, ~ N({G;c”) B.D

where O, is the #'th catch rate,
E, is the model-estimate corresponding to O,
¢q is the catchability coefficient, and
¢ is the coefficient of variation.

The contribution of the catch rate information to the negative log-likelihood
function is thus given by:

A= —-0.5n£n(21tc2)—2—i2-2(€n0,. ~tn(gE,))" B.2)

1

where 7 is the number of catch rate data points.

The estimates of the fraction of the catch during the winter fishery (in numbers)
consisting of females are assumed to be normally distributed about the model-
estimates with a standard deviation of ¢, (taken to be 0.2 for all the analyses of

this document). The contribution of the datum for year y to the negative of the
log-likelihood is thus given by:

2 =-05n, tn(2n 61~ 35(0,~0,) (B.3)

where @ is the estimate of the fraction of the winter catch during year y (in
numbers) which consists of females,

Qy is the model-estimate of Q,:
0,=2.Cx 12, 2.C (B.4)
a=0 s a=0

n, is the number of years for which values of 0, are available.

f
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The age-structure data contains information on the total number of fish landed

as well as the age- corrp osition of the catch. The former is used (implicitly)

when projecting the model forward (Equations A.11 and A.13) so only the
on of the catches is in&uded in the

information about the age-compositi
likelihood function. The observed fraction of the catch (by number) taken in
year y comprised of fish of age a is assumed to be multinomially distributed
about its expected value, so the contribution to the log-likelthood function of
the catch by the winter fishery during year y of animals of sex s and age a is
given by:

Rl

')\;s - s sobs gnp;’a (86)

where N yY is the effective number of fish aged for sex s during year y,

p;':;”” is the observed proportion of the catch by the winter fishery

during year y of sex s (by number) which animals of age @ make up
of the catch of animals not younger than age a;

p ; st — C;’Z:;,ob.r / ‘Z CyZ,,;':abs (B6a)
Pra is the model- -predicted value of pJ7”:
Bra=Cal 2 Cri (B.6b)

In order to improve the numeric stability of the calculations, an “offset adjust”
(Bergh 19806) is added to the contribution to the log-likelihood function:

7\;’:’: N,:psobs fn( pya xabs) (B.7) ‘

y(l

The length composition data are also assumed to be multinomially distributed
about their expected values. The contribution to the log-likelihood function
(including the offset adjustment) of the length composition data for 2cm length-
class L for year y, sex s and fishery fis given by: '

Ay Nfsef.\ob:g (efA efsobV) (BS)
where N,7*is the effective number of fish sized for sex s and fishery f in
year y,
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year v of sex s (by number) which animals in length-class Z make up
+} i Anrmiemmale w -~ - - .5
of the catch of animals not smaller than I/
f.8.0bs __ g~f.5,0bs ; %&‘ f,s,uba: . 1 -
8" =Cr" 0 2, G (B.8a)
L=If3
.y
Af.s;,,,h 1 trad 1. f@f,s,ohs
8, is the model-predicted value of 8 ™
L
- L8 .8
8/ =Clr/ cly (B.8b)

The length-frequencies for the summer fishery are not disaggregated by sex so
when determining the contribution of these data to the log-likelihood, the sex
superscript in Equation (B.8) is ignored and Equations (B.8a) and (B.8b) are
modified so that the catches of both sexes combined are used in the calculation

of 8 and g .

In summary then, for the base-case analyses, the negative log-likelihood has
contributions from four sources: the catch rate series for the winter fishery, the
estimates of the fraction of the catch during the winter fishery which consists of
females, the age-composition data, and the length-frequency data:

~tnL=X+ XXX RN - 2 XD N .9)

The summations in Equation (B.9) are restricted to years / ages / lengths for
which data. are available (for example, age-composition data are available for
the years 1980, 1982, 1984, 1986, 1988, 1990, 1991, 1992 and 1993 only)

APPENDIX C: THE METROPOLIS ALGORITHM

The purpose of the Metropolis algorithm (Hastings 1970) is to sample random
variables from an arbitrary distribution, g(X). In this case, the distribution g(X)
is the posterior distribution (i.e. g(X)= P(XID)e L(DIX)p(X), where L(DIX)
is likelihood of the data set D given a parameter vector X, and p(X) is the prior
probability of the parameter vector X). The values in the sample can then be
used to calculate expected values and variances for functions of the parameter
vector X (e.g. current biomass, risk, etc.).

For the implementation considered in this document, evaluation of L(D|X)
involves projecting the age- -and sex-structured population dynamics model
forward, using known catches, to predict stock biomasses and then calculating
the likelihood for the projection. If any of the exploitation rates (see Equations
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:1

(A.11) and (A.13)) rise above the maximum possible (0.99), the likelihood is set

to zero

The Metropolis algorithm involves selecting an initial parameter vector X, and

generating a Markov chain X, X,,..... The Saﬂ”p from g(X) is every n’s'th

value '1 the chain (where # is selected so that the covariance between X, an

X ity ufficiently small that it can be 1gnozed safely - in this case # is taken to
e ZG).

The algorithm proceeds by specifying the initial state X, (where X is a vector of
length #), caiculating ¥, = g(X,) and defining a vector of tolerances A. To
update X, to X, (or more generally to update X, to X, ), the following steps
are carried out for each element of X (X, ).

a) Generate a “proposal”X(;‘j from the uniform distribution on the

interval [XOJ —Aj,XO,]. +Aj].

b) Calculate ¥, = g(X,).

©)  Generate a random variable U from the uniform distribution on the
interval [0,1]. If ¥, /¥, >U the “proposal” is accepted, X, = X, and
Y, =Y,, end.

d)  The “proposal” X, was not accepted so X, = X, and ¥, =¥, end.

Steps a) - d) [referred to as a cycle] are repeated a large number of times
(200,000 in this document). The vector of tolerances A is updated dynamically.
The algorithm for doing this is to keep a record of the proportion of times the
“proposal” for element j is accepted and increase the jth element of A by 1% if
this proportion is greater than 0.5 and vice versa. This updating is conducted
every 5 - 10 cycles. The results of the first 1,000 cycles are ignored, as this is a
“burn-in” period for the algorithm to set itself up.

APPENDIX D : THE DERIVATION OF EQUATION (2)

The “with correlation” sensitivity test is based on the assumption that the
recruitment anomaly for year y, €, is correlated with those for all previous

years. Reasons for such a correlation include correlations among the
environmental variables which are likely to impact the size of the deviation from
the stock-recruitment relationship. For the purposes of the analyses of this
paper, it is assumed that this correlation structure can be modelled by a ARMA-1

process:

g, =Te,  +XE, (D.1)
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where ) is a independent random variate from N (0,15
The variance of £ : y=1,2, ... e is defined to be equal to c? so
ol =E(e,e,)
= E((’C g+ XENTE,  + xs)))

=B’ )+2Er xe, e )+E(x%eD) (D.2)
=1 E(e; )+2t X E(€, e )+X EE))
=t’ct+0+y°

The term E(e, € ;) is equal to zero because €, | and € y are independent and

both have expectation zero. Solving for &’ leads to an expression for y:

g =117 D.3)

Equation (D.1) can therefore be re-written as:
g,=Te, +Vl-1’¢, (D.4)

As the recruitment anomalies are not uncorrelated, their joint prior is not simply
the product of the individual (independent) priors; Equation (1) of the main text
is the negative of the logarithm of such a prior after the removal of constants. It
is necessary to construct a joint multivariate normal prior for the recruitment
anomalies which incorporates the correlation structure of Equation (D.4). The
generic form for such a prior is given by:

l 1.7 -1
" (2n)""det V expl-4e” Ve (®-3)

where # is the number of elements in &

P(e)

V is the variance-covariance matrix ,i.e.:

E(e,e,) E(ge,) E(gg,) v
V=|E(,¢g,) E(,g,) E(€,€,) (D-6)
LE(e3e,) E(e,¢e,) E(€383)J

for case of n = 3.
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he elements of ¥V are determined as follows (for > /)

e V= N
E{i‘i"”‘i/—_‘é"(gjt’i}
/ )
— e 2n H
=Eg,te +VI-17¢))
\
i (2 DY & B o 2a 'y
_E;\SJ.\\’E €, tVi-T%,_ )+vIi-1 £;))
(D7)
T el
=E| (e, (T, + Z"-:’ “Ji-1%g,)
k=j+1

=1 VE(E,e,)
=1 6 5?2

Substituting Equation (D.7) into Equation (D.5), taking logarithms, negating and
dropping the 21 term leads to Equation (2).
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TABLE 1 : THE BASE-CASE VALUES OF / PRIOR DISTRIBUTIONS FOR THE MODEL PARAMETERS.
Parareter Male Female Both sexes
B, : UI10 000, 80 000t]
M (yr™) UlIo, 0.61] UG, 0.6]
Steepness - & U[0.5, 1]
gl’lq ' UE'OOIOO]
o Uf0.1, 0.2]
L. (cm) 97.5 109.0
® (yr’) 0.212 0.18
> t, (yr) -0.54 -0.63
b, (gm cm™) 0.143.10°
b, - 3.39
€, N(0;67)
c, 0.6
plus-group - x (yr) 20

as, - summer fishery | U[2,4] | Ul2, 4]

a,s - summer fishery | U[2, 6] Uf2, 6]
y - summer fishery |U[0.1,0.3]{U[0.1, 0.3]
as, - winter fishery | U[4,6] | U4, 6]
ays - winter fishery | U[4,8] | Ul4, 8]

Start of year begin-December
Summer fishery . begin-December
Winter fishery mid-July
TABLE 2 : ESTIMATES OF RELATIVE FECUNDITY-AT-AGE.
Age 1123|4567 8] 91011 12+

Relative 0} 0] 007101317 |20]|24|27]|34]40
fecundity : :
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TABLE 3:

The catch data. The catch-by-mass for each year (in tons) is broken down into
that taken during the summer fishery and that taken during the winter fishery.
The column “fraction female” provides estimates for some years of the fraction
of the catch (in number) which is made up by females.

Fishery
Summer Winter
Year Catch Catch Fraction
(inmass) | (inmass) | female
¢ ¢ 0,

1969 20 200

1970 30 200

1971 40 230

1972 60 420

1973 20 1110

1974 20 900

1975 40 920

1976 - 40 2100

1977 170 3100

1978 450 4700

1979 460 3900

1980 440 5100 0.562

1981 190 4100

1982 270 3 600 0.547

1983 305 3100 0.560

1984 300 2 800 0.567

1985 205 2 900 0.505

1986 130 3 450 0.565
. 1987 80 4200 0.484

1988 175 3 500 0.500

1989 175 22C0 0.575

1990 80 1200 0.573

1991 50 : 300 0.611

1992 30 790 0.728

1993 70 450 0.577

1994 25 175
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TABLE 4 :

The indices of

asterisks are
(NSW, Fish. R

relative abundance for the winter fishery. Entries indicated by
‘gnored in the ana 3m@€ of this document. Source: K. Rowling
s. Inst., pers commn).

Year Winter-1 Winter-2
1969 462 -
1970 311 -
1971 689" -
1972 1214 -
1973 3403 -
1974 3732 -
1975 3039 -
1976 3873 -
1977 3715 -
1978 4078 -
1979 3109 -
1980 3414 -
1981 2716 -
1982 1982 -
1983 1059 -
1984 1131 -
1985 1391 -
1986 1269 279
1987 1535 358
1988 - 349
1989 1297 242
1990 1151 203
1991 1021 114
1992 - 147*
1993 - 33*
1994 - -
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tion-at-age matrices by sex for the
1

—
TABLE 5

GEMFELSH

winter fishery. The proportions

are pooled at the largest age given (i.e. age-class “10+” includes all fish aged 10

{a) Males

Age
Year 2 3 4 5 5 7 8 9 10+
1980 0 0 0.057 | 0.290 | 0.334 | 0.205 | 0.095 | 0.017 | 0.002
1982 0 0.007 | 0.104 | 0.255 | 0.399 | 0.141 | 0.062 | 0.026 | 0.007
1984 | 0.005 | 0.049 | 0.228 | 0.365 | 0.253 | 0.076 | 0.020 | 0.004 | 0.000
1986 | 0.003 | 0.035 | 0.220 | 0.392 | 0.240 | 0.091 | 0.013 | 0.006 | 0.000
1988 | 0.007 | 0.058 | 0.150 | 0.483 | 0.237 | 0.057 | 0.006 | 0.003 | 0.000
1990 | 0.006 | 0.018 | 0.150 | 0.171 | 0.367 | 0.212 | 0.053 | 0.022 | 0.002
1991 | 0.009 | 0.039 | 0.281 | 0.313 | 0.154 | 0.071 | 0.094 | 0.028 | 0.012
1992 | 0.049 | 0.016 | 0.045 | 0.136 | 0.277 | 0.270 | 0.106 | 0.070 | 0.032
1993 | 0.064 | 0.273 | 0.070 | 0.071 | 0.113 | 0.218 | 0.123 | 0.059 | 0.009
(b) Females
Age
Year 2 3 4 5 6 7 8 9 10+
1980 0 0 0.012 | 0.090 | 0.254 | 0.295 | 0.151 | 0.085 | 0.113
1982 0 0.003 | 0.016 | 0.088 | 0.364 | 0.254 | 0.121 | 0.076 | 0.077
1984 0 0.002 | 0.022 | 0.174 | 0.344 | 0.220 | 0.126 | 0.059 | 0.053
1986 0 | 0.006 | 0.037 | 0.194 | 0.387 | 0.209 | 0.090 | 0.042 | 0.035
1988 0 0.015 | 0.017 | 0.239 | 0.396 | 0.201 | 0.075 | 0.033 | 0.025
1990 0 0.002 | 0.020 | 0.074 | 0.286 | 0.329 | 0.165 | 0.076 | 0.048
1991 0 0.006 | 0.065 | 0.206 | 0.283 | 0.247 | 0.127 | 0.038 | 0.027
1992 § 0.001 | 0.003 | 0.012 | 0.101 | 0.308 | 0.284 | 0.156 | 0.096 | 0.039
1993 | 0.005 | 0.032 | 0.014 | 0.035 | 0.100 | 0.262 | 0.277 | 0.173 | 0.102
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TABLE 6 :

Estimates of management-related quantities and values of diagnostic statistics for the base-case maximum likelihood
analysis and the sensitivity tests.

(a) CV Fixed
Acronym B, B,/B,(%) B, SB,/SB.,,, (%) G M M h -LnL
1969 | 1991 | 1994 1991 | 1994 | 1995
Base-case 17734 | 99 33 31 5473 33 50 57 1 0.144 | 0484 | 0373 § 0.500 752
O, =00 17359 § 233 36 23 3991 22 25 141 0.120 0.600 0.485 0.461° 81.9
c,=0.8 18031 § 100 | 33 28 4965 30 45 55 0.135 | 0510 | 0400 § 0.500 83.1
0,=04 18777 98 34 35 6564 39 | 54 61 0.162 0.480 0.367 0.500 67.1
Steepness = 0.9 17107 98 34 33 5724 34 54 66 0.146 0.468 0.359 0.9 76.0
- Slope=0 18775 1 97 31 29 5528 33 50 58 0144 | 0477 | 0373 | 0.500 75.3
e M=M" 18137 95 30 30 5452 34 56 63 0.141 0.385 0.385 0.500 80.7
Cv,,=0.05 17452 | 96 | 28 | 22 | 3879 | 24 | 34 | 41 | 0098 | 0510 | 0401 | 0500 | 1156
cv,_, =025 19187 | 99 | 38 | 37 | 7085 | 42 | 64 | 72 | 0187 | 0488 | 0373 | 0500 | 688
With winter-2 7199 97 22 19 3351 24 33 40 0.138 0.435 0.336 0.500 90.2
With winter-2/ No age 18777 91 7 31 5338 32 36 39 0.060 0.393 0.34¢ 0.500 ~i2.9
data
No age/length data 17945 98 27 55 9894 47 53 57 0.047 0.600 0.554 0.501 -18.4
Use all age/length data 18444 98 34 33 6132 32 62 135 0.141 0.513 0.403 (.984 103.7
Length data only 16704 96 30 25 4103 30 44 50 0.142 0.401 0.218 0.500 75.3
No 1994 data 17784 98 32 31 5520 35 38 43 0.143 0.474 266 8.501 63.4

* This sensitivity test was implemented by dropping all “priors” from the analysis, including that which restricts stespuess to lie between 0.5 and 1.



Or

(TABLE 6 CONTINUED)

(b) CV Estimated
Acronym B, B,/B,(%) 3 SB,ges /SB.o c M" M h -LnL -
‘ 1969 | 1991 | 1994 1991 | 1994 | 1995
Base-case 17898 99 32 30 5309 32 48 56 0.139 0.481 0.371 0.500 41.0
O, = 17188 66 36 22 3782 21 22 128 0.113 0.620 0.501 0.593 46.5
c,=0.8 18233 98 |. 30 26 4722 29 44 53 0.130 0.488 0.384 0.500 48.7
0,=04 19481 98 35 36 7106 42 58 65 0.178 0.473 0.358 0.500 32.7
Steepness = 0.9 16949 98 33 33 5568 34 54 65 0.143 0.459 0.352 0.9 41.8
Slope=0 18149 98 32 30 5367 32 49 57 0.140 0.474 0.371 0.500 41.0
M=M" 18077 95 29 29 5306 33 54 61 0.137 0.371 0.371 0.500 46.1
No age/length data 21086 84 20 37 7856 41 72 79 0.000 0.417 0.383 0.853 -285.9
Use all age/length data 17956 | 100 34 32 5800 31 57 122 0.134 0.528 0.417 0.730 69.4
Length data only 17434 93 28 22 3913 29 42 48 0.134 0.399 0.309 0.500 41.3
No 1994 data 18010 97 31 30 5409 34 37 42 0.140 0.470 0.365 0.500 29.2
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Posterior means,
posterior 90% intervals
sensitivity tests.

{(a) Base-case

ratios of the posterior variances to prior variances and
for the base-case Bayesian analysis and the three

Quantity Posterior | Variance | Lower 5% [Upper 95%

Mean ratio | DPoint Point

B, 17139 1.6 13241 21553

B o, 6191 - 4516 8219
B.../B, 1.152 - 0.815 1.584
B.../B, 0.396 - 0.276 0.533
B.../B, 0.366 - 0.265 0.489
SB.0/SB o 0.392 - 0.314 0.485
SB.0o/SB o6 0.543 - 0.522 0.817
SB,3/SB g 0.681 - 0.651 1.050
M" 0.501 10.0 0.407 0.586

M 0.388 8.2 0.303 0.468

h 0.706 97.8 0.513 0.961

Summer fishery] '
a,, (males) 2.99 98.3 2.10 3.90
a,, (males) 4.10 102.3 2.23 5.83
a,, (females) 2.99 100.2 2.09 3.89
a,, (females) 4.19 102.0 224 5.86
Winter fishery

a., (males) 4.75 3.6 4.56 493
a,, (males) 6.18 4.8 5.76 6.59
a., (females) 5.68 4.6 5.48 5.89
a,. (females) 7.19 7.3 6.69 7.73
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{TABLE 7 CONTINUED)

(b) No age/ length data
Quantity Posterior | Variance | Lower 5% |Upper 95%
Mean ratic Point Point
B, 33175 37.1 18262 59827
B o 20190 - 8918 41918
BLoe/Bo 1.197 - 0.873 1.637
B oe/B, 0.414 - 0.270 0.397
B.../B, 0.605 - 0.369 0.941
SB.6/SB g0 0.474 - 0.320 0.684
SB.00/5B 1oy 0.577 - 0.369 0.870
SB,0o/SB 1o 0.632 - 0.404 0.984
M" 0.337 49.2 0.153 0.548
M 0.307 49.2 0.129 0.530
h 0.735 99.0 0.522 0.969
Summer fishery)
a., (males) 3.00 99.6 2.10 3.90
a,, (males) 422 100.7 2.26 5.86
a., (females) 2.99 100.2 2.10 3.90
a,, (females) 4.22 98.2 2.29 5.86
Winter fishery
a,, (males) 5.01 93.6 4.12 5.89
a, (males) | 6.05 196.5 4.21 7.79
a,, (females) 491 92.8 4.09 5.86
a,. (females) 6.13 97.4 4.22 7.83
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(TABLE 7 CONTINUED)

(c) No 1994 data

Quantity Posterior | Variance | Lower 5% Upper 95%;

Mean ratio Point Point

B, 17185 1.3 13490 20855

B oes 6381 - 4598 8368
B../B, 1.158 - 0.853 1.574
B..o/B, 0.399 - 0.293 0.511

B /B, 0.375 - 0.276 0.482
SB,0/5B 670 0.364 - 0.286 0.446
SB.40/5B o6 0.470 - 0.311 0.702
SB,os/SB o0 0.572 - 0.368 0.908
- M" 0.502 9.0 | 0406 0.582
M 0.397 8.0 0.309 0.461

h 0.711 99.5 0.515 0.973

Summer fishery »
a,, (males) 2.98 100.6 2.08 3.88
a, (males) | 426 93.7 | 235 5.90
a., (females) 3.04 117.9 2.09 3.92
a,s (females) 4.26 97.5 2.25 5.80
Winter fishery

a,, (males) 4.76 3.4 4.59 4.95
a,, (males) 6.16 4.2 5.79 6.53
a,, (females) 571 4.5 5.51 5.90
a,. (females) 7.25 7.6 6.78 7.78
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{TABLE 7 (ONTINUED]

(d) With correlation

Quantity Posterior | Variance | Lower 5% [Upper 95%

Mean ratio Point Point

B, 19488 21.0 10919 37320

B oo 4536 - 3175 6223
B,./B, 1.128 - 0.451 2.079
Bso/B, 0.360 - 0.157 0.583
B.../B, 0.268 - 0.113 0.441
SB,5/5B 14 0.321 - 0.256 0.401
SB.5/5B o6 0.313 - 0.189 0.490
SB06s/SB o 0.467 - 0.234 0.839
M 0.535 57 0.435 0.596

M 0.422 5.7 0.331 0.497

h 0.739 41.1 0.517 0.970

Summer fishery,
a., (males) 2.99 106.9 2.09 3.90
a,, (males) 4.10 85.2 2.25 5.85
a,, (females) 3.02 101.2 211 391
a,, (females) 4.18 106.7 2.23 5.86
Winter fishery

a,, (males) 4.74 3.5 4.55 493
a,, (males) 6.18 4.8 5.75 6.62
a,, (females) 5.68 6.0 5.48 5.89
a,. (females) 7.16 9.7 6.66 7.71
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FIGURE CAPTIONS

: Observed and model-predicted winter-1 catch rates f e
case, (b) the “No age/length data”, (¢) the “CV_, = 0.05” and (d) the
“CV,,,. = 0.25” analyses. Results are shown for the “CV fixed” variant

of the maximum-likelihocod estimator.

1
m

igur

Figure 2 : Observed (solid lines) and “CV fixed” base-case model-predicted
catch-proportions-at-age (dotted lines). Results are shown in (a) for
males and in (b) for females.

Figure 3 : Observed (solid lines) and “CV fixed” base-case model-predicted
length-frequency distributions for the winter fishery (dotted lines).

Figure 4 : Plots of exploitable biomass as a fraction of virgin level (upper left
panel), exploitable biomass for the summer and winter fisheries and
the biomass corresponding to B, (upper right panel), EXP(recruitment
anomaly) (lower left panel) and the relative fecundity - births plot
(lower right panel). Results (“CV fixed”) are shown for (a) the base-
case, (b) the “No 1994 data”, (¢) the “No age/length data”, (d) the
“With winter-2”, (e) the “c, =", (D) the “Use all/length age data”,
and (g) the “Length data only” analyses. '

Figure 5 : Trajectories of exploitation rate for the winter fishery (Fy1 in Equation
' . A.10) for the base-case maximum likelihood (upper panel) and
Bayesian (lower panel) analyses. The dotted lines in the lower panel

are 90% intervals.

Figure 6 : Plots of exploitable biomass as a fraction of virgin level (upper left
panel), exploitable biomass corresponding to B, (upper right panel),
EXP(recruitment anomaly) (lower left panel) and the relative
fecundity (lower right paneD). Results are shown for (a) the base-case,
and (b) the “No age/length data”, (c¢) the “No 1994 data” and (d) the
“With correlation” analyses. The solid lines represent trajectories of
distribution medians while the dotted lines are 90% probability
intervals. :

Figure 7 : Histograms reflecting prior and base-case posterior distributions for
four population model parameters: (a) M", (b) b, (©) ag, for the
summer fishery and (d) ag for the winter fishery. The posterior
distributions are shown by the open hatched bars and the priors by
the solid bars.

Figure 8 : Base-case posterior distribution for the ratio M/M".
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o4 o + iy 3 Y @ fyr 5 ~ g i
Figure 9 : Base-case posterior distributions for four management-related
auantities: B B /B and S8
QUannics: fSO, Dw‘)[‘, 51994/ 345 anc S‘dl‘)%/ugl‘)w.

distributions {(open hatched bars) for B,. Results f
base-case Bayesian analysis and for the three tests of sensitivity

Figure 11 :Histograms reflecting prior and “with correlation” posterior
distributions for the population model parameters ¢, and 1. The
posterior distributions are shown by the open hatched bars and the
priors by the solid bars. ‘
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BLIMINARY ASSESSMENT OF EASTERN GEMFISH (REXEA SOLANDRI ) USING STOCK

PR
SYNTHESIS

NICHOLAS J. BAX

. (SIRO DIVISION OF FISHERIES
GPO BOX 1538

HOBART, TAS 7001
BAX@ML.(SIRO.AY

ABSTRACT

The trawl fishery for gemfish off southeast Australia has declined from being
one of the most economically valuable components of this multispecies fishery
in the 1980s to a bycatch-only fishery in the 1990s with a zero total allowable
catch. A stock synthesis assessment of the eastern gemfish stock is detailed that
uses a two-sex, two-fishery, single area population model directly fitted to catch-
at-age , catch at length, catch biomass and effort data. Sensitivity analyses are
provided of the emphasis given to each source of data and limited model
assumptions. The assessment confirms earlier cohort analyses (Allen 1989,
Rowling 1994) that show a biomass decline and a series of poor recruitments in
the late 1980s. The degree of the decline and absolute amount of current
fishable biomass are dependent on the emphasis given to the age and length
composition data relative to that given to the catch and effort data. Changing
fishing and management practises in recent years have changed the selectivity of
the fishery and this has compromised the value of catch and effort data as
indicator of stock abundance for gemfish. The sensitivity of this assessment to
these compromised data is a major cause for concern. A concerted effort is
required to develop an unbiased and agreed-upon set of catch and effort data
for this fishery and/or to investigate the feasibility of an independent biomass
(and age structure) estimate.
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t. INTRODUCTION

) were one of the more economically valuable
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components of the trawl fishery off eastern Victoria and New South Wales in the
16705 and 1980s. A de c ining biomass and a series of po _ecmnn*ef‘;is in the
late 1980s led to reduced catches and finally the total allowable catch (TAC) was
reduced toc zero.

Gemfish had been caught for many years before the directed trawl fishery
developed. They were very common on the continental shelf off southern
Tasmania in the late nineteenth century where they were taken by handlining at
quite shallow depths. In one year they entered the mouth of the Derwent River
"in such vast numbers that they were stranded by tons on the long sandy
beaches" (Johnston 1883). However, by 1910 gemfish had become very rare in
this area (McCulloch 1915, in Blackburn 1979) and are not caught off Tasmania
in any numbers today. Trawling on the continental shelf off New South Wales
and Victoria began in 1915, and would have caught gemfish. But gemfish
(recorded as hake) were not identified in catch records until the 1950s, when
approximately 125 tonnes per year are recorded as being sold on the Sydney
fish market (Blackburn 1979).

Catches remained at or below this level until 1969 when the directed trawl
fishery expanded to the continental slope, targeting winter aggregations of
gemfish during their spawning migration onto the slope. Catches rose rapidly in
the 1970s and peaked at an estimated 5100 tonnes in 1980. Catches varied
between 2800 and 4200 tonnes until 1988, when a total allowable catch of 3000
tonnes was imposed in an attempt to stabilise catches (Rowling 1994). The TAC
was not reached in 1989 and the first signs of poor recruitment appeared (a lack
of small fish in commercial catches). Continued poor recruitments let to a
reduction in TACs over the next four years with a zero TAC imposed in 1993.
Bycatches of gemfish in the summer shelf fishery and in a winter continental
slope fishery for mirror dory continue at several hundred tonnes per year.

The biology and fishery of the gemfish have been studied (e.g. Rowling 1990,
1994). Assessments of gemfish in the Southeast Fishery (SEF) have been done
by Allen (1989, 1992, 1994), using cohort analysis tuned in the final years to
effort. The analysis has explored many aspects of gemfish biology and
documented the declining biomass and recruitment failures of the late 1980s.
The reduction in TACs since 1990 led to a reduction in the amount and quality
of catch and effort data for this fishery, and raised concerns about the
comparability of 1990s data with those from earlier periods. This paper updates
earlier assessments and evaluates the effect of different data sources on current

biomass estimates.

69



BT USTIHG STOCK SYRTHESIES

PRELIMINARY ASSESSHE

Z. METHCDS

The data available on the gemfish fishery direct the choice of a suitable

e 1 a two-sex cchort analysis
assessment to account for the different growth rates of male and female gemfish
and the different ages at which they are first selected by the fishery. A two-sex
model is used here for the same reasons.

The age and length composition of gemfish catches have not been collected
consistently. Age compositions of the catches are available for even years
between 1980 and 1990; no age composition data are available prior to 1980.
However, length compositions of the winter catch have been collected for all
years since 1976. These length composition data were used by Allen (1989
who substituted an age-length key from the nearest year to estimate (via a
simplex algorithm) the age composition of catches in years with no age
composition data. This estimation is necessary for the cohort analysis used,
which estimates numbers-at-age in each year by back calculation of catch-at-age
in each year and natural mortality.

However, estimating age compositions for one year using an age-length key
from a different year is biased when the age composition is different in the two
years (Kimura 1977). Age compositions of gemfish catches have indeed
changed in recent years due to the biomass decline and recruitment failures, so
age composition data estimated from substituted age-length keys may be biased.
Therefore a statistical catch-at-age model was used in this assessment that
requires no substitution of missing age-length keys.

Statistical catch-at-age models generate an underlying model of the population
and fit this model to all available data to estimate the unknown parameters.
Such models can account explicitly for the errors associated with age
determination, and can incorporate other information. These models can be
used to examine the goodness of fit between estimated and observed data to
highlight inconsistencies in the available data and to determine the sensitivity of
assessment results to the weighting placed on alternative data sets. Examples
are CAGEAN (Deriso et al. 1985) and Stock synthesis (Methot 1990). CAGEAN
assumes a lognormal error distribution for the catch-at-age data and fits the
mode] to data using a least squares approach. Stock synthesis assumes a
multinomial error distribution and uses a maximum likelihood fit. Punt (1995)
describes a Bayesian and maximum likelihood assessment for gemfish.

Stock synthesis was used in this assessment, because it can specify an
underlying population model that is sex-specific, incorporates different fisheries
and different selectivity periods, and fits directly to age and/or length data,
accounting for associated error. Flexible model specification in Stock synthesis
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served trends in a population.

Several features that need to be considered in an assessment of gemfish are:

* gemfish have different size/age compositions for males and females;

# there are two fisheries for the gemfish ~ a directed winter trawl fishery
targeted at the older spawning fish, and a summer trawl fishery on the
periphery of the distribution, where non-spawning gemfish (mostly males)
are caught as bycatch;

« the gear used by the directed winter trawl fishery shifted from special large
gemfish nets (trawled slowly so that the gemfish would almost swim into
the mouth opening) to standard demersal trawls towed at normal towing
speeds (approximately four knots). The shift in gear started in 1988 and
was essentially complete by 1989 (Peter Bell, personal communication);

¢ individual transferable quotas (ITQs) were introduced for gemfish in 1989
and this has changed targeting, retention and reporting;

e average growth of gemfish has changed since the beginning of the fishery
due to earlier capture of faster growing fish (Rowling and Reid 1992);

» gemfish may now be maturing at a younger age than previously;

e the strength of gemfish recruitment may be linked with cyclical
environmental phenomena, such as westerly winds (Thresher 1994).

Some of these features have been accounted for in previous assessments, but
many have not. In particular, the impacts of two (or more) periods of the
fishery have not been examined; length data have not been used directly in the
analyses; and errors in ageing have not been included in the analysis. These
factors are evaluated in this assessment.

2.1 STOCK SYNTHESIS

Stock synthesis is a catch-at-age analysis designed to incorporate other
information (Methot 1990). The model simultaneously fits to catch biomass;
age-length composition and effort from multiple fisheries; and abundance and
age composition from multiple surveys. The likelihood function between
observed data and the model's expected values is specified to represent the
steps (and errors) associated with each step in the data collection; thus the fit to
‘catch biomass and to catch age composition are separate steps. This helps the
incorporation of variability in the ageing process and correctly identifies the
different leveld of confidence placed in catch biomass data and catch age
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Biological features and selectivity of the fisheries and surveys can be described
as sex independent or sex-specific.  The model accommodates ageing
imprecision, ageing bias, and conversion of length-to-age information by
incorporation of transition matrices which generate the expected distributicn of
the observed age class given the model's estimate of the sampled, true age
composition. Deviations are expressed in terms of log-likelihcod, and the
model parameter values that provide best fit to the observed data are estimated
by numerical maximisation of the composite log-likelihood function. Log-
likelihoods for each data type can be scaled with an emphasis factor
representing the confidence in those data. Adjustment of emphasis factors is a
useful technique to determine the effect that each data set has on the model
solution. Within each dataset, residuals from a model fit are examined to detect
- trends in the data that are not accounted for by the current model.

The strength of this approach is that it explicitly models both the dynamics of
the population and the processes by which the population and its fishery are
observed (Methot 1990). .It attempts to build an assessment framework that is
able to ascertain and account for biases caused by trends in biological and/or
fishery parameters (for example trends in selectivity of the fishery), without
adding excess model parameters. The stock synthesis model can be adjusted to
accommodate patterns in the sampling process, and residual error can be
distributed among all kinds of data. The resulting level of residual error should
be consistent with any measurements of the variability of these data. As the
model is tuned to one type of data the implications for the fits to other data are
easily observed.

More complicated models, such as stock synthesis used here, may not always
provide significantly better fit to the data than a simpler model, but they do
enable exploration of alternative plausible explanations for the data.

2.2 DATA

CATCH DATA

Catch data for the trawl fishery are provided in Tables 1 to 3. They are divided
into the directed winter fishery on the slope for spawning run fish and the non-
directed summer shelf fishery. The two fisheries have quite different catch age
compositions and the summer shelf fishery has a notable lack of larger female
fish.
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here are some catch-data available for even earlier years. Blackburn (1979)
summarises catches of gemfish received from steam trawlers at the Sydney fish
market from 1953 to 1956 (Table 2). These gemfish were measured, and
Blackburn (1979) presents aggregated length frequency distributions for 11,263
gemfish taken from 209 samples spread fairly evenly between the period
December 1946 and April 1956. -

Blackburn (1979) also provides data taken from the logbooks of Red Funnel
steam trawlers that provide information on the distribution of gemfish catches
(Table 3). These data have been reanalysed by Klaer (1995).

CATCH AND EFFORT DATA

Catch and -effort data are available from two sources: historic catch data from
fisheries cooperative records (1969-1986) and more recent data from the quota
monitoring database (1989-1991) and SEF logbook (1986 to 1993). The 1992
and 1993 data are considered unreliable because of the absence of a targeted
fishery in these years. The catch and effort data were reanalysed by Rowling
(pers. comm.) and now show similar trends to the historic data for overlapping
years (Table 4, Figure 1). The two series are not independent, being derived
from the same vessels. In the years since 1989 there were major changes in the
gemfish fishery: introduction of quotas in 1989; declining catches since 1987;
changes in the size composition of the landed catch; and the changeover from
special gemfish nets to standard trawl nets by 1989. Thus the overall measure
of catch per unit effort (CPUE) must be considered a poor indicator of
abundance for this population until further analyses are completed. Ongoing
analyses of the data on a finer spatial scale by Kevin Rowling (Fisheries
Research Institute, New South Wales Fisheries) may account for changes in
fishing practices. '

There are some data available from the summer fishery (Table 5), from the SEF
logbooks. Their usefulness is limited since the summer fishery is a non-targeted
fishery that samples only a portion of the distribution; only smaller fish are
caught. These data are not used in this assessment. However, comparison with
catch and effort (and length) data from Red Funnel trawler catches in the 1950s
might improve understanding of changes in the fishery since the directed winter
fishery began.
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GROWTH

Growth in length of gemfish was fitted to the von Bertalanffy growth curve ‘c
Rowling and Reid (1992) for gemfish (including juve ’1 } in the years 198
1986 (Table 6). This aggregate curve was used in this assessment. The same
authors OFsef’Vec’i a change in the von Bertalanffy parameters fitted to data from
different years (Table 7), and concluded that fishing affects the size distribution

of gemfish in catches.

'\<4

Length and weight parameters are taken from Rowling (in Allen 1989). The
same parameters are assumed to apply to males and females (Table 8).

NATURAL MORTALITY

There are no independent estimates of natural mortality for gemfish. Allen
(1989) provides natural mortality schedules (M) and availability to the fishery (q)
for male and female gemfish based on biological observations and the overall fit
to his cohort analysis (Table 9).

Sex-specific natural mortality estimates for this assessment will be two
parameters estimated in the catch-at-age analysis. For simplicity, it will be
assumed that natural mortality is constant with age: trends in natural mortality
are confounded with trends in selectivity, for which there is no independent
information.

SELECTIVITY OF THE FISHERY

There is no independent information on the selectivity of the winter or summer
fisheries, and no independent surveys that describe the age or length
composition of the available population. The selectivity of each fishery will be
estimated in the catch-at-age analysis.

Selectivity of the fisheries is modelled with a double logistic curve. Both sexes
share the same ascending logistic selectivity function but have separate
descending selectivity functions. There is no direct age-specific selectivity. The
selectivity function requires nine parameters for each fishery. In the base run
for the winter fishery, the selectivity is constrained to be asymptotic. The shape
of the selectivity curve for the summer fishery is chosen by the model.

Younger fish have been appearing in the winter fishery in recent years. Some
of these younger fish are mature, apparently at an earlier age than in previous
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years. This suggests that there may have been a recent change in se;@cfivit‘y in
the winter fishery, due either to the change from custom ge mfish trawls tc more
standard trawls in 1989, or to a change in fish behaviour associated with 2

earlier age of maturity.

The possibility that selectivity of the winter fishery has changed since 1989 will
be tested by estimating the ascending !mb of the selectivity curve
independently for the periods before and after 1989. There may be insufficient
recent data to obtain a satisfactory answer.

LENGTH AND AGE COMPOSITION OF COMMERCIAL CATCHES

Age and Iehgth data are available for most years for the summer and winter
fisheries. Age data are used in the years for which they were collected
otherwise length data are used directly.

Age-length keys for even years from 1980 to 1990 were obtained by Rowling
(NSW Fisheries, unpublished data). Age-length keys from 1991 to 1993 were
obtained by the Central Ageing Facility (CAF). There was a good
correspondence between ages of otoliths read by a CAF reader (Morison) and
Rowling (Rowling 1992). Overall the agreement between readers was 55% and
~agreement within +/- 1 year was 90% (Table 10).

In a second comparison of 400 otoliths read by two readers at the CAF, the
following data were reported (Morison 1992):

Average percent error (Beamish & Fournier 1981) 11.8
Percent agreement between readers within 2 years 87.2
Percent agreement between readers within 3 years 96.4

Morison (1992) also noted that the average percent error for 50 otoliths read by
two CAF readers and a reader from another laboratory was 11.5.

Age reading errors for this assessment were derived from the percent agreement
on ages from the same otoliths read by two independent readers (Rowling
1992). There was 55% agreement at minimum and maximum ages read and no
discernible trend with age. The level of variance that would produce a 55%
agreement in ages (taking into account the probability that both readers got the
correct age, both were off by one year in the same direction, and both were off
by two years in the same direction) was computed in synthesis. The probability
that both agree and were off by more than two years is considered negligible.
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Age composition for the winter fishery was aei mined by multiplying the
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catch (Table 11). Age—iedgth keys and 2@ﬂg‘*‘~ requencies were collected
e after A980 An average age-length

estimate rare lengths that did not appear in a particular annua

f variation for the
riation were 6.6%
4% on average fo

Variation in length-at-age was determined as the coefficient
minimum and maximum ages (Table 12). Coefficients of v
and 4.6% on average for age 3 and 9 males, and 5.0% and 4
age 4 and 11 females respectively.

ur\ m Q

Length data collected from the Sydney fish market (Rowling unpublished data)
were used with as little interpolation or aggregation as possible. Length data
were used directly in the model for years where nc age-length key was
available and converted to age composition data for years when an age-length
key was available. These data show the cumulative take of larger fish by the
fishery between 1982 and 1987, followed by a series of poor recruitments that
cause the observed lack of fish from 55 to 75 cm long by 1993 (Figs 2 and 3).

STOCK AND RECRUITMENT

Fecundity-at-age was derived from Rowling (unpublished data, Table 13). The
trend in fecundity with age or size was well described by assuming a constant
number of eggs per kilogram. Therefore female spawning biomass was a
reasonable proxy for fecundity (numbers of eggs produced). Female spawning
biomass was defined as female biomass times the maturity-at-age.

A logistic function was used to describe maturity-at-age for females. It was
assumed that percent maturation follows percent availability to the winter
fishery. The age of 50% maturity was set at 5 yr with a slope of 0.253 (Table
14).. These values were used here, but it is noted that in recent years the age
and length of first maturity may have dropped (Rowling, pers. comm.). In 1993
there were reports of 2- and 3-year-old fish running ripe (even 2-year-old
females) whereas in prior years 4-year-old fish were the youngest observed to
be running ripe.  No change in age of maturity was represented in the model
used in this assessment.

A Beverton and Holt-type stock and recruitment relationship was fitted to the
year class strengths predicted by the model and residuals were computed. A
negligible weight was given to the stock and recruitment relationship so it had a
negligible effect on model fit in the assessment. The shape of the stock and
recruitment relationship was specified by one parameter (A), that defines the
proportion of unexploited recruitment level (f), at a proportion of the
unexploited biomass (b), following Kimura (1988):
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A = [1-(b/DI/(1-b).

The base case model specified nc density depen de ice {shape parameter of
zero) in he stock and recruitment relationship, making recruitment directly
proporticnal tc spawning biomass. The effect of mc;bdﬁg density dependence
was examined in the sensitivity analyses by setting the shape parameter at 0.75,
which equates to a curve having 80% of recruitment to unexploited biomass
when stock size has been reduced to 50% of unexploited biomass. Lastly, the
shape parameter that best fists the data for the base case assessment was

estimated.

DEFINITION OF PREFISHERY BIOMASS

It has been estimated that the targeted gemfish fishery started in 1969 with
annual catches of approximately 200 t (see above). Catch and effort data are
not considered a reasonable estimate of abundance until 1973: the years before
1973 are considered to be part of a developing fishery, where catch per unit
effort would represent the learning curve of the fishers rather than the relative

abundance of gemfish.

Available information from the Red Funnel steam trawler catches sold at Sydney
market indicates the annual catch from1952 to 1956 was 125 t (Tables 2 and 3).
These catches would have been taken from the shelf and would be better
represented by the selectivity for the summer fishery than the winter fishery.
Overall the historic catch level for the summer fishery appears to be in the order
of 125 t per year. This is higher than the best estimates of summer fishery

catches for the period 1969 until 1977.

ENVIRONMENTAL INFLUENCE

It has been noted by Thresher (1994) that westerly winds have a high
correlation with estimated year class strength for several SEF fish species,
including gemfish. An index of the strength of westerly winds was included in
the data to test its impact on stock and recruitment relationships (Table 15).

717



PRELIMINARY ASSESSMENT USING STOOK SYHTHESIS

7.3 MODEL SPECIFICATION

DEFAULT ERROR VALUES FOR LIXKELIHOOD COMPUTATION

The aggregate maximu ithood value determines the best fit of the model to
the data. The error level specified for each data set determines the emphasis
given to it in determining the best model fit. Theoretically, the error values
associated with each dataset are known and thus the emphasis given to each
dataset is objective. Practically, error values are estimated and the emphasis
given to each data set is subjective.

like
5D

The synthesis model has an explicit "likelihcod" emphasis value to test the
sensitivity of the assessment to different datasets. Unity is the default value,
0.001 reduces the influence of the dataset or function to a negligible level, and
values in the range 0.1 to 10 were used to test the sensitivity for this assessment.

ACCOUNTING FOR AGE COMPOSITION VARIABILITY

Stock synthesis follows a similar approach to that of Fournier and Archibald
(1982), where the level of fishing mortality is calculated so that the estimated
catch biomass matches the observed catch biomass exactly. The pattern of
selectivity at age is then sought which will maximise the log-likelihood of the
observed catch proportion-at-age.  This likelihood is calculated under the
assumption that the observed catch proportion-at-age behaves as if it were a
single sample drawn from a multinomial distribution defined by the model's
estimate of proportion-at-age. '

Estimated multinomial error level is dependent on the sample size. If sample
sizes were specified as those actually measured the precision would be greater
than appears reasonable because the model ignores process error would
therefore be forced to match the estimated age/length composition very closely.
Fournier and Archibald (1982) recommended that the effective sample size be
specified as no greater than 400. Effective sample size was set at 200 in this
assessment for winter age and length data. Because the effective CV for a
proportion is:

Note the difference from CAGEAN which assumes a lognormal error distribution. In
CAGEAN, the model searches for the level of fishing mortality and the pattern of selectivity-at-
age that minimises the sum of squared deviations. The important distinction between the
multinomial and lognormal models is that the multinomial model treats the deviation between,
for example, observed = 0.3 and estimated = 0.2 as larger and more important than the deviation
between 0.03 and 0.02, while the lognormal model treats these as equivalent deviations.
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CV =s/p=sqrt [ {I-p)/ (PN ]

this is equ valent to setting the CV equal to 21% for a proportion of 0.1. The
sample size for summer data was set at 100, equivalent to a2 CV of 30%.

DISCOUNT FACTOR FGR PLUS GROUP

A plus group is specified in the assessment model for ages greater than 15
years. The plus group accumulates the small (less than 0.001 of any year's
population) number of these fish so that they can be included as a single group
in computations, saving computation time. Fishing mortality is not estimated
within the model for this plus group, instead a discount factor is specified. This
factor represents the level of fishing mortality for these older age classes. In
this assessment it was set at 0.45, similar to natural mortality.

NUMBER GF PARAMETERS ESTIMATED

There were 45 parameters estimated in the base case assessment. These 45
parameters comprised two for natural mortality of male and females, 16 for
selectivity of the summer and winter fishery, one to estimate the level of
recruitment for the virgin biomass, and 26 for yearclass strength (1968-1993).

2.4 BASE CASE AND SENSITIVITY TO DATA AND ASSUMPTIONS

The following run of stock synthesis was chosen as the base case following
discussions with Kevin Rowling, André Punt and fishers (each run is uniquely
identified by a parameter file, Pxx):

Base case (P12)

Age composition Winter only

Length composition Winter for years with no age data

Age/size in ML estimator ~ Ages 25 and lengths 264 cm
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Environmental variables
Growth

Stock and recruitment

2 ~ - S 3 o S~ A
Winter — asympitotic one time perioca

s

Summer — domed one time period
Winter only

None

Constant

Beverton and Holt — negligible
emphasis

50% of unexploited recruitment at
50% unexploited biomass.

The following changes to the base case were made to examine the sensitivity of
the results to the data included in the model and some of the model

assumptions (see Tables 18 to 21).

Ages> 4 and lengths > 54 cm (P22)

Age/size in ML estimator

All ages and lengths (P11)

Age/size in ML estimator

No winter length data (P13)

Length Composition

No age or length data (P14)

Age composition
Length composition

Age/size in ML estimator

Ages > 4 and lengths >54 cm

Ages 22 and lengths 235 cm

Winter — none

Summer — none

None
None

None
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Include summer length data (P15)

Length composition: Winter — years with no age data
Summer — all available data

Age/size in ML estimator Ages 25 and lengths 264 cm

FEmphasis on winter CPUE * 0.1 (P16)

CPUE Winter CPUE only

Emphasis reduced to 0.1

Free origin for von Bertalanffy growth curves (P18)

Growth von Bertalanffy growth parameters for slope and
maximum length fixed; origin fitted by model

Two selectivi eriods for winter fishe P1

Selectivity Winter — asymptotic two time-periods 1969-1988 and
1989-1994. Ascending slope and ascending inflection
point only vary between the two periods

Summer — domed one time period

Increase emphasis on spawner-recruit relationship (821

Stock and recruitment Beverton and Holt — Emphasis 0.1 that of other
data in base case.

Further sensitivity analyses were performed to determine the effects of changing
the relative emphasis placed on the age and length versus the CPUE data:

Emphasis on winter CPUE * 0.5 (P17)
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an

T 0w YT it DT Te
CPUER Winter CPUE only

CPUE Winter CPUE only
Emphasis increased toc 10

Sample size 50 (P26)

Age composition Sample size for winter age and length data reduced
to 50; 5 for summer length data.

Further sensitivity analyses were performed to determine the effects of changing
parameters of the stock and recruitment relationship:

Reduce CV on stock and recruitment (P27)

Stock and recruitment Coefficient of variation of fitted recruitment
around stock and recruitment relationship
reduced to 0.3.

Density-dependent stock and recruitment (P28)

Stock and recruitment Make fitted -stock and recruitment density
dependent, such that recruitment is 80% of
unexploited when biomass is 50% of
unexploited. '
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Free densitv-dependent recruitment (P3G

Stock and recruitment Set density dependence of stock and
recruitment to be the best fit to the data.

3. RESULTS
3.1 BASE CASE

FITTO CATCH AND EFFORT DATA

The model was fitted to winter CPUE data from 1973 to 1991 only. These data
are shown as solid squares in the Figures. Earlier CPUE data for the winter
fishery and for the summer fishery were not fitted by the model. These data are
shown as open diamonds. The model fit is shown as a solid line (Figure 4).

Fit to the winter CPUE appears good. ‘Winter CPUE data before 1973 do not
resemble later data and presumably reflect a learning stage for the fishery.

Summer CPUE data were not fitted by the model. They show a more rapid
decline from 1986 to 1992 than fitted by the model. The summer CPUE data are
not considered a good indicator of relative abundance because the summer
fishery selects a biased portion of the total biomass.

SELECTIVITIES

Selectivity in the length-based version’ of stock synthesis used here is limited to
assuming the same ascending selectivity curve for males and females. In the
winter fishery, where selectivity is forced to be asymptotic, this results in
identical selection curves by size (Fig. 5). Because female gemfish grow faster
than males, this selectivity curve forces an earlier recruitment of females to the

winter fishery (by age) than males.

In the summer fishery where the selectivity curve is not forced to be asymptotic,
selectivity for males is estimated as asymptotic, while selectivity for females is
estimated as domed.
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FITTO AGE AND LENGTH DATA

portion of numbers-at-age and the observed proportions for
p ) < - . o g e 23 £os

males or females are similar. There is some variability in the fit a“d on
consistent trend: a tendency to overestimate the number of

H

fish and underestimate the number of five-year-old mal

Estimated proportions of numbers at length are given for all years for which n
age composition data were available (Figure /). Estimated proportions at length
match observed proportions at length fairly well for the combined sex data from
1975 to 1979. There is a consistent bias to the estimated numbers at length for
the separate sex data from 1981 tc 1994, with the estimated modal length being
larger than the observed modal length for males, and marginally less for
females.

The observed bias in the fit to age and length data for smaller fish is caused by
the single ascending selectivity curve for males and females that leads the model
to fit a value somewhere in between the males and female observations. The
single ascending selectivity limb also causes a poor fit to the smaller lengths in
1994, where the estimated proportion of fish at lengths of 60 to 70 cm is greater
than observed for females, but less than observed for males.

BIOMASSES

The biomass of male and female gemfish available to the winter fishery (total
biomass multiplied by the computed selectivity of the fishery) declined from
24.5 thousand tonnes in 1969 to 3.1 thousand tonnes in 1994, or 13% of the
1969 biomass (Figure 8). Biomass available to the summer fishery declined
from 3.0 thousand tonnes in 1969 to 0.4 thousand tonnes in 1994, a decline to
12% of the 1969 biomass (Figure 9).

RECRUITMENT

When the winter fishery started there were several years of relatively large
recruitments (Figures 10 to 12). As the biomass dropped in the late 1970s
recruitment was reduced. Recruitment stayed at a similar level in the early
1980s despite continuing decline in biomass; recruitments in the early 1980s
were larger than expected from the fitted stock and recruitment relationship. In
the late 1980s, recruitments were much lower than expected and biomass has
continued to decline in the 1990s. This period of low recruitments coincided
with a period of reduced westerly winds.

84



PRELIMINARY ASSESSHMENT USING STOCK SYNTHESLS

o

the fish become more available
length composition data, when

sensitivity analyses).

as by inc ‘ng the 19

3.2 SENSITIVITY ANALYSES

GENERAL

Total winter biomass (biomass of all fish aged five years and older) is estimated
at 3.3 thousand tonnes in the base case with negligible coefficient of variation
(Table 16). This result is sensitive to the degree of emphasis put on the CPUE
data relative to the age and length data. Model runs with no age or length data
or with a reduced CPUE emphasis indicate a higher current biomass.

The assessment is robust to including ages younger that five-year old and to
removing length composition data for the winter catches.

There is little change in the assessment caused by specifying a second selectivity
period from 1989, but this may change as more data become available that
represent this second period.

Current biomass increases as emphasis on a spawner-recruit relationship is
increased. Increasing emphasis on the spawner-recruit relationship reduces the
size of the negative recruitment residuals in the late 1980s.

RELATIVE EMPHASIS ON AGE-LENGTH OR CPUE DATA

As the emphasis on the CPUE data declines relative to the emphasis on the age
and length data, the assessment suggests a lower initial (1969) biomass and a
higher current (1994) biomass (Table 19). The same trend is evident for the
female spawning biomass (with the exception of the assessment with no age or
length data, where current female spawning biomass does not decline as much
as in the baseline assessment). This range of assessments indicates that the
currently available winter biomass may vary etween 2 and 28 thousand tonnes;
.depending on the relative emphasis put on the data sets.

Table 20 shows the effect of emphasising different data sets on the fit to those
data sets. Coefficients of variation for the age and length data are a fixed input
parameter equalling 0.21 for the winter age and length data (CV for a proportion
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sampling of the commercial catch (age and length data) or due to changes in
the fishing behaviour of the fleet (CPUE data).

RECRUITMENT

'Emphasis on the stock and recruitment relationship is set very low (0.001) so
changes to the stock and recruitment relationship do not have an appreciable
effect on the assessment (Table 21). However, if the emphasis on fitting the
data to the stock and recruitment data is increased to 0.1 (one-tenth the
emphasis on CPUE, age and length data), 1994 available biomass and female
spawning biomass become double those of the base case. This is primarily due
to increased emphasis on the stock and recruitment relationship reducing the
magnitude of recruitment anomalies, including the series of negative anomalies
in the late 1980s. '

When density dependence of stock and recruitment is fitted by the model,
density dependence is estimated very low at 0.25; recruitment will be 57% of the
unexploited level when biomass is 50% of the unexploited level (Figure 13).

4. DISCUSSION

The gemfish fishery has a good time series of data in comparison to most
Australian fisheries. There is a longer 'continuous' series of catch-at-age data
than for any other south east fishery quota species, and the dramatic changes
observed in the length frequency composition provide good contrast in the data
against which to test assessment models.

These data are sufficient on their own to demonstrate the series of poor
recruitments in the late 1980s. The gemfish biomass was already declining by
this time due to fishing, and the combination of poor recruitment and extensive
fishing resulted in the directed fishery being closed in 1993.

Biological questions to be answered now are: why did the poor recruitments
occur?; to what extent was fishing responsible for the biomass decline?; and
what is the current biomass? An answer to the first and second questions is
needed to help determine management strategies that might reduce the risk of a
similar series of poor recruitments in the future. An answer to the third
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This assessment provides scome information on the first two guestions,
confirming the conclusion of earlier assessments that recruitment in the late
1980s was reduced because of a combination of reduced biomass and unusually
poor recruitment. There is a correlation between recruitment anomalies and the
number of days of zonal westerlies per year, suggesting that an environmental
factor(s) independent of the fishery may be involved. Historic data show that in
the last century the gemlfish distribution was different from that at the beginning
of the directed fishery in 1969. Data from the early part of this century show
that the southern distribution was already reduced. The condition of the
gemfish stock in 1969 is unclear. It may have already been smaller than
previously.

The small level of density dependence in the stock and recruitment relationship
fit to the base case assessment suggests that at the start of the fishery when
biomasses were the high (at least for the time period covered by this
assessment), the biomass was not high enough to generate density dependent
recruitment. This suggests either that the biomass at the start of the fishery was
already reduced to a level where density dependent recruitment processeswere
reduced, or that recruitment in gemfish is controlled by density independent
processes. Examples of density dependent processes that could regulate
recruitment are environmental factors and generalist predators.

The apparent environmental influence on the gemfish stock raises concerns.
Not only does it make it difficult to separate the impact of fishing on the stock,
it also casts some doubt on the consistency of CPUE as an indicator of

abundance. It is already suspected that changes in fishing practices since the
late 1980s will have affected the most recent data points. If the spatial
distribution” of gemfish changes appreciably from year to year, such that it
would impact fishers' catches, then this casts further doubt on the use of CPUE
as a relative index of abundance. Further analysis of the catch and effort data is
required on a finer spatial scale than available for this assessment. Such an
analysis should determine the degree of confidence that can be placed in these
data, and might also be useful in providing a catch and effort series that could
be reproduced in the present, perhaps based on one or two consistent vessels
and skippers.

This assessment is, in general, fairly insensitive to changes in data sets used and
model assumptions, but it is sensitive to the emphasis put on the CPUE data.
An improved understanding of the CPUE data is required before an assessment
of gemfish can be considered reliable.

v
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Table 1. Best estimates of gemfish catches {from Chesson 1995).

Catches of gemfish from trawlers (tonnes)
Winter directed fishery ~ Summer bycatch fishery

Recorded Best Recorded Best
Year estimate estimate
1969 - 200 - 20
1970 - 200 - 30
1971 230 230 - 40
1972 414 420 57 60
1973 1110 1110 12 20
1974 883 900 12 20
1975 901 920 31 40
1976 2085 2100 34 40
1977 3093 3100 166 170
1978 4678 4700 447 450
1979 3876 3900 458 460
1980 5069 5100 ‘ 436 440
1981 4087 4100 182 190
1982 3569 3600 264 270
1983 3100 3100 305 305
1984 2800 2800 300 300
1985 2900 2900 205 205
1986 3450 3450 356 130
1987 4200 4200 75 80
1988 3500 3500 160 175
1989 2300 2200 104 175
1990 1200 1200 45 80
1991 300 300 0 50
1992 700 790 0 30
1993 - 450 - ' 70

1994 175 25

Early catch data for the winter fishery are derived from fisheries
cooperative data (1972-1982) or are assumed (1969-1971). Later data are
from the Southeast Fishery logbooks. 1993 data are from quota
monitoring reports.
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Table 2. Steam irawler-caught gemfish sold at Sydney Fish Market (Blackburn 1579).
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No. Boats 10 9 5 4

january 31 22 7 22. 82
February 42 35 1 15 115
March 55 32 45 A 153
April 7 29 50 9 95
May 6 45 15 4 70
June 4 25 12 7 43
July 6 11 7 9 33
August 5 13 3 10 31
September 12 31 30 14 87
October 16 39 9 15 - 79
November 27 25 17 22 91
December 102 35 35 41 213
Total 313 342 249 193 1,097
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Table 3. Red Funnel trawler-caught gemfish 18521357 (Blackburn 1979},

Catch (baskets: 1 basket = 70Ib}

Babel Is. Victoria NSW(S)  NSW{IN) Total
January 464 151 33 * 648
February 461 136 120 * 717
March 363 100 42 0 505
April 44 131 202 * 377
May 0 75 196 0 271
June * 7 93 0 100
July 0 52 16 0 68
August 0 56 56 0 112
September 27 275 69 0 371
October 121 353 176 0 650
November 91 233 175 0 499
December 29 1,027 258 * 1,314
Total 1,600 2,596 1,436 0 5,632

* denotes no fishing
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Table 4. Catch and effort data for the winter rawl fishery (Chesson 1995 and
Rowling, unpublished data).

Fishery coop records (standard fleet) SEF logbook records CPUE
Number Catch Effort CPUE Alldata  Standard Rowling's
of vessels (a) data (b)  analysis (c)
Year (%) (days) (kg/day) (kg/hr) (kg/hr) (kg/hr)
1962 3 55 119 462
1970 3 47 151 311
1971 3 57 83 689
1972 daily figures not available - 1214
1973 4 299 94 3403
1974 4 326 85 3732
1975 4 284 100 3039
1976 11 1006 260 3873
1977 14 1534 413 3715
1978 28 3817 936 4078
1979 36 2796 901 3109
1980 39 3852 1128 3414
1981 36 2436 897 2716
1982 37 1624 813 1982
1983 47 1718 1625 1059
1984 49 2280 2017 1131
1985 48 2196 1607 1391
1986 49 2260 1670 1269 610 694 279
1987 1535 950 982 358
1988 697 667 349
1989 1297 428 436 242
1990 1151 301 357 203
1991 : 1021 142 192 114
1992 184 162 147
1993 33
(a) 'All data' are all SEF logbook data but restricted to depths and

seasons where gemfish occur.
(b) 'Standard data' are all SEF logbook data but restricted to areas and
depths fished consistently in all years 1986-91. This accounts for

some of the spatial expansion/contraction of the fishery.

() Rowling analysis concentrated on consistent gemfish vessels .
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Table 5. Catch and effort data for the summer trawl fishery (Chesson
1995},
All data Standardised data
Catch Effort CPUE Catch Effort CPUE
£ hrs kg/hr t hrs kg/hr
1986 149 1647 50 32 217 148
1987 102 80% 126 23 114 204
1988 145 1406 103 22 161 139
1989 144 3014 48 : 11 222 48
1990 64 1102 58 3 105 33
1991 63 1518 42 34 308 116
1992 7 34 876 39 10 74 140
1993
Table 6. Aggregate von Bertalanffy growth parameters for gemfish 1980-1986
’ (Rowling and Reid 1992).
Linf (SE) K- (SE) tzero  (SE) n
Males 97.5  0.800 0.212 0.005 -0.54 0.050 2327
Females 1094  0.600 0.180 0.003 -0.63  0.040 3157
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Table 7. Individual von Bertalanffy growth parameters for gemfish 1980-1986
{Rowling and Reid 1992)

Linf (SE) K (SE) tzero  (SE) n
Males
1980 98.1 1.1 0.223  0.007 -0.41 0.04 602
1982 952 0.9 0.230  0.006 -0.44 (0.04 914
1984 94.1 1.8 0.225 0.011 -0.49  0.06 465
1986 89.1 1.4 0.247 0.011 -0.47  0.06 682
Females
1980 111.7 0.9 0.172  0.004 -0.63 0.04 883
1982 106.0 0.8 0.197 0.004 -0.48 (.04 1123
1984 109.7 1.2 0.182 0.005 -0.55  0.04 628
1986 106.6 1.4 0.190 0.006 -0.54 0.05 859
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Table 8. Length and weight parameters for gemfish (Rowling in Allen 198%).
Weight/length parameters
a (SE) b (SH)
Males 1.43%10° 3.39
Females same as males
Table 9. MNatural mortality rates used in earlier cohort analysis (Allen 1989).
Male Female
Age M g M g -
3 0.25 0.014 0.15 0.013
4 0.25 0.056 015 0.030
5 0.25 0.244 0.15 0.228
6 0.25 1 ' 0.15 0.868
7 0.25 1 0.15 1
3 0.3 1 0.15 1
9 0.5 1 0.15 1
10 0.6 1 0.24 1
11 0.8 1 0.64 1
12 1.1 1 0.94 1

96



PRELIMUENARY ASSESS

ENT USING STOCK SYHTHRESES S

Table 10. Comparison of readings of 104 ofoliths by Rowling (R) and Morison {(M).
{Rowling 1992}

Males Females Combined
Age R M R M Difference Frequency

4 1 3 -4 1
5 8 15 1z -3 1
6 12 9 5 5 -2 6
7 4 8 17 17 -1 21
8 1 0 16 17 0 57
9 1 1 1 14

10 10 1 2 3

11 8 5

12 0 1
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Table 11 Age compositions derived from age length keys and length frequency
composition for the winter fishery.

Number-at-Age
Year 1 2 3 4 5 6 7 8 9 1§ 11 12 n

Males
1980 0 O G 75 382 440 271 125 23 3 0 0 1319
1982 G 0 8§ 126 309 484 171 75 31 7 2 0 1213
1984 0 6 62 290 465 321 97 26 5 0 0 o 1271
1986 0 3 40 255 453 278 105 16 7 0 0 0 1157
1988 0 10 84 218 703 345 83 8 5 0 0 0 1456
1990 0 11 34 290 330 710 409 103 42 3 0 0 1932
1991 0 16 74 532 592 292 134 177 53 15 7 0 1892
1992 0 55 18 50 153 312 304 119 79 35 0 0 1126
1993 0 75 321 83 83 133 256 145 70 9 1 0 1176
Females
1980 0 0 0 21 153 430 500 256 143 90 58 44 1695
1982 0 0 5 23 129 532 372 177 112 72 31 9 1462
1984 0 0 3 36 289 572 366 208 98 42 30 17 1661
1986 0 0 9 55 291 582 314 135 64 39 7 6 1503
1988 0 0. 21 24 348 575 292 110 48 29 4 4 1454
1990 0 0 4 52 190 741 853 427 197 88 15 22 2590
1991 0 0 18 194 613 843 734 377 113 50 15 17 2974
1992 0 4 8 35 303 925 852 468 290 76 38 4 3003
1993 0 9 50 22 55 158 414 437 272 125 19 17 1577

98



PRELIMINARY ASSESSMENT USIHG STOCK SYHNTHESES

Table 1Z. Coefficient of variation of length-at-age from age-length keys.
Age
Year n 1 2 3 4 5 6 7 8 9 10 11 12
Males
1980 507 56 49 3% 39 35 32 24 13
1982 800 56 51 39 38 35 29 33 40 29
1984 344 45 61 40 46 37 42 42
1986 551 50 53 53 49 49 48 54
1988 257 51 54 40 43 3.1
1990 314 65 48 47 45 43 54 22
1991 297 134 72 64 71 48 60 67 28
1992 192 142 96 68 72 63 88 80
1993 140 50 39 91 56 37 38 53 35
Females
1980 771 29 38 35 33 27 30 37 40 38
1982 952 26 48 34 37 30 31 34 35 51
1984 526 35 44 40 40 33 35 42 22 44
1986 746 51 46 42 45 48 45 43 6.0 4.2
1988 305 35 44 45 42 47 32 50 34 44
1990 240 23 29 32 43 41 33 37
1991 462 75 67 61 61 70 81 69 86 77
1992 338 116 92 83 71 58 71 82 34

1993 376 1.7 10.7 54 64 42 41 49 39 32 25
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Table 13, Mean fecundity-at-age (Rowling, unpublished data).
Age Mean Fecundity (millions)
length weight number  per kg
(cmy - (kg)
4 61.0 1.61 0.7 0.43
5 71.0 270 1.0 0.37
6 76.0 340 1.3 0.38
7 81.0  4.22 1. 0.40
8 86.0 517 2.0 0.36
9 96.0  6.03 2.4 0.40
10 93.0 674 2.7 0.40
11 975 791 3.4 0.43
12+ 100.0 8.62 4.0 0.46
Table 14. Percent of mature female fish by age .
Age Fraction
mature
(@)

1 0.000

2 0.000

3 0.001

4 0.095

5 0.552

6 0.930

7 1.000

8 1.000

9 1.000

10 1.000

11 1.000

12 1.000

(a) assumed equal to proportion selected by
winter fishery as estimated by synthesis
model.
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Table 15. Number of days per year of strong zonal west winds {Thresher 1994},
Year Number of days
1969 127
1870 132
1971 120
1872 95
1873 85
1974 75
1975 105
1976 68
1977 89
1978 86
1979 145
1980 149
1981 113
1982 118
1983 96
1984 110
1985 70
1986 49
1987 59
1988 34
1989 29
1990 76
1991 70
1992 : 54
1993 85
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Table 16,

assessment and the sens

and model assumptions.

,,,,,

Total biomass winter (5+) Matural
mortality
Model Run Code 1969 1979 19%4 94/69 Female Male
Base case Pi 31,893 30,795 3,363 0.11 0.54 0.62
Ages ¥4 P22 45,209 42,252 4,391 (.10 0.57 0.63
Ali ages P11 30,605 35,655 3,545 0.12 0.54 0.60
No winter length P13 23,316 30,003 3,937 0.17 0.61 0.68
No age or length data Pl4 28,947 29,065 6,647 0.23 0.54 0.63
Summer length data Pi5 39,742 30,420 3,507 0.09 0.56 0.64
Inciude 1995 length data P24 16,540 23,552 2491 0.15 0.45 0.53
Red CPUE emphasis 90% P16 22,599 26,219 31,045 1.37 0.50 0.57
Model fit to growth P18 30,345 27,230 11,017 0.36 0.51 0.64
Two selectivity periods P19 32,617 30920 3,861 0.12 0.54 0.62
Domed selectivity P23 29,249 28954 3,177 0.11 0.51 0.59
Inc S/R emphasis P21 39,202 32,650 8,894 0.23 0.56 0.64
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Table 17. Total biomass available to the winter fishery, the female spawning biomass
and the total (1+) biomass for the base case assessment, their percentages of
1969 biomass, and the sensitivity of these values to changes in data
emphasis and model assumptions.

Available Female
winter spawning Total (1+)

. biomass biomass ~ biomass
Model Run Code 1994 94/69 1994 94/65 1994  94/69
Base case P12 1,329 013 2,023 0.12 14,863  0.22
Ages 34 P22 2,558 0.17 2,459 011 105,773  1.04
All ages P11 1,747  0.19 2,052 014 107,941 1.65
No winter length P13 1,484 028 2,109 019 21,904 0.36
No age or length data P14 2,401 0.23 3,474 0.23 16,634  0.25
Summer length data P15 1,374 011 2,087  0.11 15,031 017
Include 1995 length data P24 2,697  0.18 1,656 018 33471 033
Red CPUE emphasis 90% P16 12,414 176 18,660  1.59 136,030  3.03
Model fit to growth P18 4290 047 5454 047 81,669 132
Two selectivity periods P19 1,477  0.14 2,356  0.14 20,119  0.29
Domed selectivity P23 3,033 013 1937  0.13 13,0563 021
Inc S/R emphasis P21 3,284  0.27 4974  0.26 35,737 040
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Table 18, Maximum likelihood estimates for the fit of the base case assessment io
data on: winter age composition, winter length composition, summer length
composition, winter CPUE, summeyr CPUE, average stock and recruitment,
and the variation of siock and recruitment; and the sensitivity of these
values to changes in data emphasis and model assumptions.

Maximum lkelihood estimate

Model Run Code Winter Winter Summer Winter Summer S/R1 S/R2
age length length CPUE CPUE

Base case P12- -167 -218 -881 23 -25 -507
Ages>4 P22 -296 -271 -755 25 -35 -852
All ages P11 -366 -332 -13412 27 4 -39 -997
No winter length P13 -152 -410 -822 24 5 -10 -122
No age or length data P14 -373 -937 -406 46 7 -17 -294
Summer length data P15 -192 -231 -144 19 7 -29 -622
Include 1995 length data P24 -167 -217 1045 25 4 -21 -383
Red CPUE emphasis 90% P16 -167 -210 -739 -4 -1 -39 -928
Model fit to growth Pis. -80 -175 -607 12 0 -15 -237
Two selectivity periods P19 -165 -221 -715 23 4 -23 -466
Domed selectivity P23 -167 -217 -928 24 4 -27 -565
Inc S/R emphasis P21 -170 -222 -709 -17 -6 -6 -51
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Table 19. Sensitivity of assessment tc changes in emphasis on age/length and CPUE
data for the winter fishery.

Available bicmass Female spawning biomass
winter
Run Code 69 94 94 /69 59 7S 94 94/79

Base case P12 24513 3,100 i3 15,266 14654 2,023 14

- No age or length data Pi4 25451 2,055 8 15,018 15,507 3,474 22
CPUE empbhasis *10 P26 25695 2,231 9 17,119 16644 1,467 9
Sample size 50 P25 26,717 2916 11 17,385 16,759 1,881 11
CPUE emphasis * 0.5 P17 22,632 11,454 51 15,229 13,680 7498 55
CPUE emphasis * 0.1 Pl6 16,405 28,421 173 11,739 12,313 18,660 152
Table 20. Sensitivity of fit to data to changes in emphasis on age/length and CPUE

data for the winter fishery.

Likelihood contribution of data

Winter Summer
Run Code age length CPUE length CPUE
Base case P12 -167  -218 23 -881 4
No age or length data (a) P14 -373  -8937 46 -406 7
CPUE emphasis *10 P26  -176  -255 33 -769 6
Sample size 50 P25 -42 -58 28 -181 5
CPUE emphasis * 0.5 P17  -169 -211 5 -535 1
CPUE empbhasis * 0.1 P16 -167 210 -4 739 -1

(a) the contribution of age and length data to the log (likelihood) for 'No age or length data’
occurs because these data have not been removed, but their emphasis in the maximum
log (likelihood) has been reduced to 0.001.
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Table 21.

relationship.

Sensitivity of assessment to changes in the stock and recruitment

Available biomass

Fernale spawning biomass

winter
Run Cod 69 94 94/69 59 79 94 34/75
e
Base case P12 24513 3,100 13 16,266 14,654 2,023 14
Inc 5/R emphasis P21 27901 7,448 27 19,264 15,273 4974 33
Reduce CV on S/R 0.3 P27 27,815 3,616 13 18,446 15,653 2,403 15
Density dependent S/R P28 24,729 3,462 i4 16,541 15,045 2,229 15
Free density dependence = P30 23,658 3,381 i4 15,341 14206 2,158 15
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Figure 1. Standardised CPUE series and SEF logbook data {from Rowling, pers.
comm.)’
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Figure 2. Length composition of the winter trawl fishery for three years (Rowling,

unpublished dataj.

Gemfish females - Winter lengths
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Figure 3. Length composition data for three years of the summer trawl fishery
{(Rowling, unpublished data}.
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Figure 4.

Fit to catch and effort data.
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Selectivity of the winter and summer fishery by size and age for females

{solid line} and males {dashed line).
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Figure 6. Fit to age composition data for the winter fishery. Solid points are the
observed age composition; the line is the model fit,
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Figure 7. Fit to winter length data. Solid poinis are the observed age composition.
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Figure 7. Continued
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Figure 8.

PREL

1.2 25000 e
f “\*‘w/f \\
T T 20000 \
L \a G \
0.8 - \ \
kY 15000 + \
0.6 + \ A
\\ 10000 + Y
G4 <+ * \\ R
N, e
0.2 + N\ 5000 +
G A S L2 S A S S LA A LI ) L G [ ] LI EANE R B A i S D A L
76 74 78 82 86 90 94 70 74 78 82 86 90 94
Figure 9. Available biomass in the summer fishery
1.2 3500
1 4 3000 -+
0s 4+ 2500 +
2000 +
06 +
1500 +
0471 1000 +
0.2 + 500 +
o LN B M B AR S A I A M B R AL M A R ) o LR A S B B AN A L N B B A B B B IS B B BB
69 73 77 81 85 89 83 69 73 77 81 85 89 83

116




Figure 10. Relationship between female spawning biomass and number of recruits at

age 1
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Figure 11. Observed minus expected recruitment and number of days per year of
strong zonal west winds (from Thresher 1994).
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Figure 13 Shape of Beverton and Holtf stock and recruitinent relationshiv for several
vatues of the density dependence {or shape) param .%m, including 0.250 as
estimated in this assessment.
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ABSTRACY

The performances of a range of harvest strategies for eastern gemfish are
evaluated using Monte Carlo simulation. The fishery is simulated from 1995 to
2020 using an “operating model” to represent the future dynamics of the stock
and to generate future data. The evaluation of each harvest strategy involves
simulating the future of the fishery 100 times, using different parameter values
and initial conditions for the operating model. The 100 sets of parameter values
and initial conditions are drawn at random from the posterior distribution
calculated by Punt (1995). The harvest strategies are evaluated using a range of
performance indices related to management objectives. Each harvest strategy
determines the catch to be taken in each year. F, feedback harvest strategies
rely on an annual stock assessment for the fishery using a Laurec-Shepherd ad
boc tuned VPA. The F, harvest strategies are compared with constant catch
strategies and the sensitivities to future recruitment scenarios are investigated.
The F,, and the constant 1000 t harvest strategies come closest to meeting the
current management objective of achieving 40% of the 1979 spawning potential
for the stock.
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i, INTRODUCTION

Gemfish (Rexea solandri) are caught off south-eastern Australia, mainly by
trawling. The eastern stock has been fished off New s e
1920s. A winter spawning-run fishery developed in the late 1960s and became
an important compenent of the south-east trawl fishery during the 1970s and
1980s. Catches peaked at about 5000 t in 1980, declining to 3000 — 4000 t before
a 3000 t total allowable catch (TAC) was implemented in 1988. TACs were
successively reduced to 1750 t in 1990, 500 t in 1991 and 200 t in 1992, due
nainly to evidence of a substantial decline in recruitment (Rowling, 1994).
There has been a zero TAC since 1993, with trip limits to minimize by-catch.

The first quantitative stock assessment for eastern gemfish was by Allen (1989).
Subsequent assessments are reviewed in Chesson (in press). The most recent
assessments are described in Bax (1995) and Punt (1995), the latter including a
Bayesian stock assessment. All assessments agree that there was a substantial
reduction in the size of the stock during the early 1980s and a major decline in
recruitment in the mid to late 1980s. The causes of the decline in recruitment
remain uncertain, although there is speculation that environmental influences
may have contributed (Thresher, 1994).

The immediate management objective for eastern gemfish is to rebuild the stock
to a level at which targeted commercial fishing can recommence (Chesson, in
press). The performance indicator which has been set by the Australian Fisheries
Management Authority (AFMA) is “that the spawning biomass of eastern gemfish
(estimated in 1990 to be about 20 ~ 25% of the 1979 level) is increasing toward
the target of 40% of B,,,”. This statement provides a target reference point for
the fishery, although it leaves unanswered a number of important questions
(such as the definition of “spawning biomass”, an acceptable time frame for
recovery, and how to deal with uncertainty in the assessment of stock status).

This paper examines several potential future harvest strategies for eastern
gemfish, and examines their performance in relation to a range of management
objectives (including the management target defined by AFMA). The analysis
depends crucially on the Bayesian stock assessment of eastern gemfish
described by Punt (1995). The results described in this paper are tentative
(because this assessment has yet to be subject to peer review), and do not
reflect an agreed outcome of AFMA’s formal stock assessment process. The main
purpose of the analyses presented in this paper is to illustrate a method which
may be used to evaluate the performance of harvest strategies for specific
stocks. The results are presented quantitatively, but should be interpreted
qualitatively.
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The performances of a range of harvest strat egzes for eastern gemgish

evaluated using Monte Carlo simulation. This involves simulatin
from 1995 tc 2020 using an “operating model” to f@p;eseng b f"mre ynamic
of the stock and to generate fw:mb catch-at-age and catch-rate data. The harvest
strategy determines the catch to be taken in each year. Some strategies, called
feedback harvest strategies, rely on an annual stock assessment for the fishery.
These stock assessments use both the historical data from the real fishery,
together with the simulated future data. The evaluation of each harvest strategy
involves simulating the future of the fishery 100 times, using different values for
the parameters of the model, starting (1995) abundances, and future fluctuations
in recruitment. A range of performance indices related to management
objectives is calculated for each simulation. The whole process is designed to
explore, as realistically as possible, the consequences of future management of

the fishery.

} e

2.2 THE OPERATING MODEL

The model used to simulate the future dynamics of the stock is virtually
identical to that described in Punt (1995). It is age- and sex-structured and takes
account of a summer and a winter fishery in each year. For most of the
analyses, the number of births in each year is related to the total egg production
by a Beverton-Holt stock-recruitment relationship. Sources of recruitment
variability other than egg production are described in Section 2.5 below. The
sex- and age-specific selectivity pattern is described by a logistic function and,
for the summer fishery, selectivity declines with age for older animals. The .
detailed specifications of the operating madel are given in Appendix A.

The parameter values and initial conditions for the set of 100 simulations are
sampled at random and with replacement from the posterior distribution
computed using the Bayesian stock assessment method described in Punt
(1995). The “with correlation” variant of the assessment is used, which allows
for a priori correlation among the recruitment anomalies. The parameters which
vary across the set of simulations include the initial (1995) age distribution, the
parameters of the stock-recruitment relationship (including the variance of and
auto-correlation between recruitment anomalies), selectivity and natural
mortality. The marginal distributions of some of the quantities which determine
the state of the resource at the start of 1995 are shown in Figure 1. Thus, each
simulation has a different starting point and a different set of dynamics
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Two types of harvest strategy are condsidered. The first of these is an 7
strategy which attempts to maintain a constant rate of fishing mortality (see
Appendix B). The second is a constant ¢ t

For the F, strategies, further constraints are placed on the way in which the
quota may vary from one year to the next (see Appendix B). The quota is
constrained not to vary up or down by more than a certain percentage each
year, and can also be set between specified lower and upper limits. It is also
possible to set a threshold below which the quota can be increased by more
than the specified percentage limit. This latter feature of the strategy allows for
more rapid development of the fishery from low levels of quota.

The software which has been developed for these analyses alsoc evaluates other
types of harvest strategies, such as ccnstant escapement. Results for such

strategies are not reported here.

2.4 THE STOCK ASSESSMENT MODEL

The F, harvest strategies require estimates of fishing mortalities-at-age and
numbers-at-age at the start of the year for which a quota is needed. These are
calculated using an ad boc tuned VPA estimator (see Appendix C). The data
needed to apply this estimator are time series of relative abundance (in this
case, catch-rates) and catch-at-age. In the first year of each simulation, these
data consist of the historical data from the gemfish fishery up to 1994. Adapt
VPA (Gavaris 1988; Powers and Restrepo 1992) is used for estimation in the first
year as there is no estimate of catch-rate for 1994 — the ad bhoc tuned VPA
estimator requires a catch-rate for the most recent year so cannot be applied to
calculate a quota for 1995. In subsequent vyears, the historical data are
supplemented by simulated data from the operating model, with noise added to
model the effect of measurement errors. Because catch-at-age data are not
available for gemfish for all years up to 1994, the posterior mean values of
these, computed using the “with correlation” variant of the Bayesian estimates of
Punt (1995), are used for the missing years. The natural mortality- rate assumed
when conducting assessments is the average of the values for each of the

simulated populations.
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Thresher {(1994) has postulated that an environmental factor may be driving an
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approximate ten year cycle in recruitment for a number of fish species in
eastern Australia. Punt (1995) fitted a model which allowed for autocorrelated
recruitment anomalies and found substantial positive correlation between
anomalies. His results also seem to indicate a iong-term cycle in recruitment,
with an apparent cycle length of about ten years.

There is now some evidence for a recovery in recruitment since the very low
levels of the mid to late 1980s. The 1990 year-class appears to have been much
stronger than the preceeding year classes, althhough it's absolute strength is
still uncertain as this year-class is yet to be fully recruited into the fishery.

The rate at which the stock recovers from the low recruitments of the late 1980s
will be sensitive to the assumptions made about recent and future recruitment.
The longer-term performance of harvest strategies is also likely to be sensitive to
the assumption about future recruitment. For this reason, four future recruitment
scenarios are explored in the analyses. The base case analysis assumes that
recruitment is autocorrelated, with the correlation coefficient for each simulated
population determined from the “with correlation” Bayesian analysis of Punt
(1995). Note that the “with correlation” analysis of Punt is relatively pessimistic
about the strength of the 1990 recruitment.

The other three recruitment scenarios are random variation about the
deterministic component of the stock recruitment relationship, future
recruitments chosen at random from historical recruitments between 1985 and
1989 (the period of poor recruitments), and cyclic recruitment with a ten year
period: Each of the recruitment scenarios is specified in more detail in Appendix

Al

2.6 PERFORMANCE INDICES

The harvest strategies are evaluated with respect to a series of performance
criteria relating to biomass depletion, egg production, catch, and variations in
catch from year to year. The specific performance indices used are:
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1)  Final biomass / B, (winter exploitable biomass in 2020 / virgin
biomass)

2) Lowest biomass / B, {lowest depletion over the period 1995 to 2020)

3)  Average catch (from 1995 to 2020}

4y  Continuing catch . (average catch from 2016 to 2020)

S)  Catch variability (average absolute change in catch as percentage
of average catch)

6) Prob(B, <0.2 B) (B,, is winter exploitable biomass in 2020)

7)  Prob(B,,<0.2 B) (B,, is lowest biomass from 1995 to 2020)

8) Prob(B,> B,,) (B, is biomass at which sustainable yield is
maximized)

9  Prob(B,,>B,) (B,, is biomass under the F,, strategy)

10) Prob(E,, > 0.4 E,) (E is egg production)

Performance indices 1 to 5 are expressed as medians over the 100 simulations in
the tables of results, and plotted as 5th, 50th and 95th percentiles in the figures.

2.7 BASE CASE AND SENSITIVITY TESTS

The base case harvest strategy is an F,, strategy as defined in Appendix B. The
base case harvest strategy also incorporates the following constraints on the

- annual quota:

e maximum % decrease in quota, p = 50%

¢ maximum % increase in quota, g = 50%

e threshold for quota increase constraint, H = 1000 t
e minimum quota, 4 = 500 t

e maximum quota, B = 5000 t

Other features of the base case evaluation include:

e the recruitment anomalies are autocorrelated

"By in this paper refers to the exploitable biomass available to the winter fishery in the absence of
exploitation.
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p - . . m e
s the observation error OV for future catch-rates, ¢, = 0.15

R . L. . . P . fat .. ¢
e the observation error C'V for the summer catch-at-age data , ¢,= 0.4

¢ the observation error CV for the winter catch-at-age data, o> = 0.15

The base case harvest strategy is compar ared with other F, strategies, including
F,, F ,and F, . The latter corresponds to selecting the Guota using the fishing
mortality rate which maximizes the vield ». F curve (i.e. F,). The base case
strategy is also compared with four constant catch strategies: C = 0, 1000, 2000
and 3000 t. Sensitivity to the future recruitment scenarios described in Section
2.5 is explored for the base case harvest strategy only. Finally, the base case
results are compared with those for a harvest strategy that has no constraints on
quota (except minimum quota), management using perfect information about
fishing mortality-at-age and numbers-at-age, and an operating model that uses
higher CVs on future observations (0.25 on catch-rate, 0.6 on summer catch-at-

age, and 0.25 on winter catch-at-age).

3. RESULTS

3.1 BASE CASE RESULTS

The results for the base case harvest strategy and operating model are given in
Table 1 and Figure 2. Figure 2 shows the trajectories from 1995 to 2020 for eight
performance indices. Under the modified F,, harvest strategy there is a strong
recovery in the stock from 1995 to 1999. This is due to a the model predicting
several strong year-classes (1990 —1992) entering the fishery together with low
catches during these years. The latter is determined by initial underestimates of
true stock size and the constraints placed on rapid increases in TAC. Catches
mimic biomass trends and reach a peak in 2002, by which time stock size is
already declining again. Catches and stock size both decline over the remaining
period to 2010 after which there is some evidence that the decline has stopped.
The estimation of biomass improves over time. After initial under-estimation, the
estimation improves by 2002 to give results close to, although consistently
slightly lower than, the true value. The median continuing catch under the base
case strategy (a measure of “sustainable yield” for the strategy) is approximately
1450 t, although this measure is very sensitive to the parameters of the true
population (Table 1).

The change in catch from one year to the next is very high during the period of
increasing catches, but rapidly stabilizes to a situation in which catches change
on average by 25% from one year to the next. Although this is well within the
constraints imposed as part of the base case harvest strategy (£50%), it still
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represents a 'i"rge average change in quota from one year to the next, and may
be larger than is deemed acceptable by industry. This level of catch variability
s, however, typécai of harvest sizaiegies based on VPAs, and is one of the
reasons production modei-based  harvest strategies are preferred ’;""Of
management of the hake Merluccus spp resources off 1 Africa (Payne an

Punt, 1995).

1
s

The base case strategy does not perform very satisfactorily in relation to AFMA’s
target of achieving 40% of the 1979 spawning potential. Although the initial
stock recovery puts the spawning potential above this target, the median is
below the target from 2004 (Figure 2), and the probability that the spawning
potential is above the target in 2020 is only 22% (Table 1).

The other performance indices reflect the trends in stock size over the period of
the simulations. It is interesting to note that the base case strategy does not
achieve its own target of stabilizing the stock at B,,, but instead stabilizes the
biomass somewhat below this.

3.2 COMPARISON OF F,, STRATEGIES

The performances of the four F,  strategies are compared in Table 2 and Figure
3. Figure 3a shows the distributions of several summary measures for each
strategy, while Figure 3b shows time trajectories of median values of key
performance indices (cf. Figure 2). The results are as one would expect — higher
fishing mortality rates result in slightly higher catches at the expense of lower
stock sizes. The variation in average and continuing catch is also higher at
higher exploitation rates.

None of the F, strategies evaluated here achieve the long-term target of 40% of
1979 egg producuon although the F,, strategy comes close (Figure 3b). The F,
strategy comes closest to stabilizing the resource at the F,, target of B,,, and the

F,,, strategy leaves the resource below B, in over 50 % of the simulations.

3.3 CONSTANT CATCH STRATEGIES

The performances of the constant catch strategies are compared with those of
the base case harvest strategy in Table 3 and Figure 4. Again, the tradeoff
between catch and stock size is quite clear. The performance of the base case
strategy is closest to that of the 2000 t constant catch strategy, but there are
some interesting differences. Both inter-annual changes in catch and the average
catch achieved are much less variable for the constant catch strategy. However,
this is achieved at the expense of much more variance in biomass, including
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increased probabilities of very low stock sizes. There is no annual assessment
associated with the constant caich stra ategies, and therefore nc cpporty dnlty o
’ij ust catches in the face of clear evidence of overfishi ing. The 10

00 t constant
catch strategy ¢ s closest to achieving AFMA's spawning potential target, but
the median average catch is only half that of the more flexible base case
strategy

3.4 SENSITIVITY TO FUTURE RECRUITMENT

The base case simulation trials assume autocorrelation between successive
recruitment anomalies for both past and future recruitments. The results in Table
4 and Figure 5 assess the performance of the base case harvest strategy (i.e. F,,
with the quota constraints listed in section 2.7) for alternative assumptions about
future recruiment.

In general the results are not particularly sensitive to the assumptions about
recruitment. The low recruitment scenario does result in lower catches and
lower stock size and performs very poorly with regard to AFMA’s spawning
potential target. For the “sine recruitment” scenario (which represents the ten
year environmental cycle hypothesis) the strategy does meet AFMA's target, but
only because the peak in the cycle occurs at the end of the projection period.

3.5 OTHER SENSITIVITY TESTS

Sensitivity to other features for the base case harvest strategy are shown in Table
5 and Figure 6. In general, performance is not sensitive to the scenarios
examined here. In particular, the increase in the variability on future
observations of catch rate and catch-at-age data has very little effect on
performance of the base case harvest strategy, although performance is
degraded slightly.

The most notable differences are evident in Figure 6b. Both removal of the
catch constraints and provision of perfect information result in much more rapid
increases in catch from 1995 to 1999, and a resulting lower increase in biomass
over the initial period. Not surprisingly, removing the catch constraints results in
higher variability in catch from year to year.

4. DISCUSSION

This paper has illustrated an approach for evaluating future harvest strategies for
a fishery resource given uncertainty about current status and productivity. The
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fishery for eastern gemfish has been used to illustrate the approach, and the
i . ing the consequences of future management
has been the “with correlation” variant of the Bayesian analysis of Punt (1995).
A range of performance indices has been calculated for each strategy

The results for a subset of harvest strategies and performance indices are
summarized in Table 6 to illustrate the tradeoffs between several management
cbjectives. Median continuing yield can be regarded as a measure of the longer-
term sustainable yield under the harvest strategy. Median catch variability is a
measure of how much catches change from one year to the next. Also shown in
Table 6 are measures of how well each strategy performs relative to two
possible biological reference points. The first reference point measures egg
production (or spawning potential) in relation to the base year of 1979, with an
implied target of 40% of the 1979 level. The second measures how well the
strategy stabilizes the biomass at B,,, analagous to the F,, biological reference
point which is widely used in fisheries management (Smith et al., 1993).

The results in Table 6 show a clear tradeoff between the level of catch and
ability to satisfy the biological targets. In general, the higher the catch, the lower
the chance of satisfying the target. The only exception is that the 3000 t constant
catch strategy actually has a lower continuing catch than the 2000 t constant
catch strategy, but also has a lower probability of meeting the biological targets.
This is because the 3000 t strategy results in very severe declines in stock size
well before the end of the projection period in a significant proportion of the
simulations. The' realised continuing catch is only about 56% of the nominal
target catch, and it is doubful that even this level of continuing catch is
sustainable. Clearly, these results suggest that a constant 3000 t catch exceeds
the maximum sustainable yield for this stock.

The preceding discussion deals with two possible management objectives
(maximizing catch while achieving biological targets), but what about the third
general class of management objective of minimizing year-to-year variation in
catch? The results for the F,, and constant 1000 t strategies provide a
comparison where the continuing catch is very similar (1060 and 1000 t
respectively). They achieve very similar outcomes for the biological targets, but
differ dramatically in catch variability. The constant catch strategy will clearly be
preferable, presuming that a general aim of industry will be to minimize year-to-
year variations in catch, and assuming no other constraints or considerations
(such as additional importance to worst-case scenarios). What is not clear,
however, is whether a constant catch strategy, which achieves the same median
catch as a feedback harvest strategy, can perform as well or better against other
performance criteria as median catch increases. The results in Table 6 do not

allow an answer to this question.
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Bayesian analyses in Punt (1995) and, as discussed in that paper, may be overly
optimistic, particularly if catch rates in the fishery decline less rapidly than stock
abundance.
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FIGURE CAPTIONS

Figure 1

Figure Z:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Median, 5th and 95th percentile trajectories from 1995 io 2020 for
eight performance measures for the base case harvest strategy and
base case operating model.

,, harvest strategies. {a) Median, 5th
and 95th percentiles for five performance measures and probabilities
of achieving four biological reference points, and (b) median
trajectories from 1995 to 2020 for eight performance measures.

Performance outcomes for four ¥

As for Figure 3, comparing four constant catch strategies with the
base case strategy.

As for Figure 3, comparing four future recruitment scenarios (see
section 2.5).

As for Figure 3, comparing the base case harvest strategy with the
same strategy but with: no constraints on change in quota; perfect
information on numbers-at-age and fishing mortality-at-age; and
increased CVs on future observations of catch rate and catch-at-age.
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TibI D
[ABLE 1.

BASE CASE RESULTS.

\ F
(a) Percentiles

Percentiles
Performance measures |5 50 G5
Final biomass/B, 0.03 0.28 0.74
Lowest biomass/ B, 0.01 0.14 0.39
Average catch (f) 682 1930 3592
Catch variability (%) 15 26 36
Continuing catch (t) 500 1455 4554
(b) Probabilities
P(B,.<0.2B,) 0.37
P(B,,<0.2B) 0.68
P(B,. >B,,) 0.71
P(B,.> B,,) 0.31
P(E, >04E,) 0.22
TABLE 2. F STRATEGIES.
(a) Medians
Strategies
Performance measures | F_ F,, F,, F,,
| Final biomass/B, 0.11 0.28 0.34 0.43
Lowest biomass/B, 0.05 0.14 0.21 0.29
Average catch (t) 2121 1930 1693 1302
Catch variability (%) 22 26 27 26
Continuing catch (t) 1717 1455 1330 1063
(b) Probabilities
Strategies
Performance measures | F__ F . F, F,,
P(B,,<0.2 B, 0.78 0.37 0.28 0.15
P(B,,<0.2B) 0.92 0.68 0.49 10.27
P(B.,.>B,.) 0.32 0.71 0.78 0.88
P(B,> B,,) 0.11 0.31 0.48 0.60
P(E. >04E,) 0.10 0.22 0.30 0.41
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EVvAaLUATION OF

Strategies
Performance measures | base C=0 C=1000 | C=2000 | C=3000
case
Final biomass/B; 0.28 0.87 0.55 0.17 0.02
Lowest biomass/B, 0.14 0.43 0.30 0.08 . 0.01
Average catch (t) 1930 0 1000 1947 2439
Catch variability (%) 26 0 3 5 10
Continuing catch (t) 1455 0 1000 1914 1708
(b) Probabilities
Strategies
Performance measures | base C=0 C=1000 | C=2000 | C=3000
: case
P(B, < 0.2B,) 0.37 0.01 0.16 0.52 0.76
P(B,, <0.2B) 0.68 0.03 0.23 0.69 0.88
P(B,.>B_.,) 0.71 0.99 0.84 0.52 0.28
P(B,.> B,,) 0.31 0.96 0.63 0.37 0.16
PE, >04E,) 0.22 0.70 0.48 0.28 0.16
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TABLE 4. RECRUITMENT SCEMARIOS.

{(a) Medians

Scenarios
Performance measures | base white low sine
case noise 85-89
autocorr
Final biomass/B, 0.28 0.28 0.20 0.34
Lowest biomass/ B, 0.14 0.16 0.08 0.13
Average catch (t) 1930 2237 1206 2138
Catch variability (%) 26 27 31 28
Continuing catch (t) 1455 1796 1172 1693
(b) Probabilities
Scenarios
Performance measures | base white low sine
case noise 85-89
- autocorr
P(B, <0.2B,)) 0.37 0.33 0.51 - 0.14
P(B_, <0.2B) ' 0.68 0.61 0.80 0.75
P(B,.>B,.) 0.71 0.81 0.62 0.85
P(B,.> B,,) 0.31 0.32 0.10 0.43
P(E, >04E,) 0.22 0.34 0.02 0.57
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TABLE 5. OTHERS.

{(a) Medians

Scenarios
Performance measures | base no catch | base high cvs
case constrai | case
perfect
info
Final biomass/B, 0.28 0.29 0.28 0.23
Lowest biomass/ B, 0.14 0.14 0.17 0.13
Average catch (t) 1930 2203 2113 1889
Catch variability (%) 26 43 16 29
Continuing catch (t) 1455 1401 1586 1401
(b) Probabilities
Scenarios
Performance measures | base no catch | base high cvs
case constrai | case _
perfect
info
P(B,, < 0.2 B, 0.37 0.38 0.32 0.47
P(B,,<0.2B,) 0.68 0.73 0.62 0.72
P(B,.>B..) 0.71 0.71 0.75 0.62
P(B,.> B,,) 0.31 0.31 0.34 0.26
P(E,_>04E,) 022 1020 0.21 0.20

TABLE 6. COMPARISON OF SIX HARVEST STRATEGIES ACROSS FIVE PERFORMANCE
STATISTICS.

Strategy Continuing Average Catch P(E,>04E,) P(B,_>B,,)
catch (t) catch (t) variability (%)
F,, (base case) 1450 - 1930 26 0.22 0.31
F,, 1330 1693 27 0.30 0.48
F,, 1060 1302 26 0.41 - 0.60
C=1000 t 1000 1000 3 0.48 0.63
C=2000 t 1910 1947 5 0.28 0.37
C=3000 t 1710 2439 10 0.16 0.16
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APPENDIX A : THE OPERATING MOREL

The model considered in this appendix is age- and sex-structured, takes account
of two pulse fisheries, and assumes that the number of births is related to the
total egg production of the populaticn by means of a Beverton-Holt stock

recruitment relationship.
BASIC POPULATION DYNAMICS

The resource dynamics are modelled using the equations:

J( N ;+1,0 a=0
N =1VN a=1,...,x—1 (A.1)
[N\‘,r + N;,x—l a=x
where N, is the number of fish of sex s and age & at the start of year
Nz
N a is the number of fish of sex s and age « at the end of year
Nz
Ny = (V] e = C)e ™ = e ! 4.2)
Ni, is the number of 0-year-olds of sex s at the start of year y,
M* is the (age-independent) rate of natural mortality on fish of
Sex s,
C;j; is the catch (in number) of fish of sex s and age a during
the summer fishery of year y,
Cf; is the catch (in number) of fish of sex s and age a during
the winter fishery of year y,
t is the time between the start of the year and the mid-point
of the summer fishery,
t, is the time between the mid-point of the summer fishery
and that of the winter fishery, and
x is the maximum age considered (taken to be a plus-

group).
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Births’
N° =05TFE /(o+BE &,~07/2 (A.3)
\ y,O -_ 'JL’L’y—l H {(X/ L A_Jy._ll}g B Lot §
ol ~ ~ AN o
g, = ﬁc;_l +A4/(1—-0%; g,
where E is total egg production at th¢ end of vyear y:
— S
E =).f, N/, (A4)
a=1
P is the fecundity of a female of age «,
€, is the recruitment anomaly for year y,
€, is the recruitment residual for year y (g, ~ N (O;of)),
o) is the standard deviation of the logarithm of the multiplicative

fluctuations in births (approximately the coefficient of variation
of the fluctuations in recruitment),

p is the parameter which determines the extent of inter-annual
autocorrelation in the recruitment anomalies (p=0 corresponds
to the assumption that recruitment anomalies are temporally
uncorrelated — the “white noise” assumption), and

o,f3 are the stock-recruitment relationship parameters.

One of the sensitivity tests involves examining the possibility that the
recruitment anomaly has a deterministic sine component :

05E, 1+ X si 27t( Z) ||e5 " (A3a)
= sin| —(y-— e’ Ja
0 a+BE,, y

where X is amplitude (0.5),
Y is period (10), and

VA is cycle adjustment (3).

* One of the sensitivity tests examines the scenario in which future recruitments are selected at random
and with replacement from those for 1985-1989.
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The numbers-at-age at the start of 1995 are generated from the “with

> <
correlation” posterior distribution calculated by Punt (1995). The values for the

uilibrium that corresponds
to an absence of harvesting, 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 total egg production is reduced toc 20% of its
pristine level (Francis, 1992), so that:

o= g5 0
0 4p
-5h-1

= M (A.%)

B

- 1 x=1

BOS —_—5 Efae—wﬂ)M/ +fx e—(x+1)Mf /{I"E—Mf}
a=1

The value for R, is calculated from the value for the virgin biomass at the start
of the year, B, (where this biomass is defined using the selectivity pattern for
the winter fishery and the mass-at-age vector for the summer fishery), using the
equation:

N x_l 5 5 5
Ry=2B)/ 24 2wl S2e™ twi, S [{1-e ™} (A.6)
5 a=1

where 52 is the selectivity of the fishing gear used during the winter
fishery on fish of sex s and age a, and

w, is the mass of a fish of sex s and age a during the winter
_fishery:
wi =b’ (L))" (A7)
L=L(1-e"“™) . (A8)
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CATCHES

The catch (in number) of fish of sex s and age g during the summer fishery in

1, . 1 ~~1 .3 . "
year vy, C 7 is calculated from Cy, the catch (in mass) during the summer

) y.a?
fishery, using the equation:

Ly _ glsylars —uM* \

CM =S8, F, Ny‘ae (A.9)

where A is the selectivity of the gear used during the summer fishery
on fish of sex s and age 4, and

F) is the exploitation rate on fully-selected fish during the
summer fishery of year y:

/ZZ Wi, SIN? e (A.10)

s a=0

The catch (in number) of fish of sex s and age @ during the winter fishery in
year y, C;, is calculated from 5‘3, the catch (in mass) during the winter fishery,

using the equation:
C2 = SHFY(N? & — C1 ) (A.11)
where F)2 is the exploitation rate on fully-selected fish during the winter

fishery of year y:

2 \ s Q2,8 § —rl Lsy ~t
F?=C?1 2 0w 82 (N! e — Chs e (A.12)

s a=0

SELECTIVITY

The selectivity pattern (for each fishery / sex) is given by:

(1_'_6—(11_‘150)*8 )_1 lf a< aéi

(e )T v (A1

ifa=ay
where asy . is the age-at-50%-selectivity,
Ags is the age-at-95%-selectivity,
o is the parameter which defines the width of the selectivity

ogive (calculated from the age-at-50%-selectivity and that of
95%-selectivity using the formula: § = ¢n19/ (ay —ay,)),
and
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it is assumed that y=0 for the winter fishery (Punt, 1995).

for each sex for the summer fishery: t
age-at- 5/ -selectivity, and the selectivity slope parameter, and two foz’ each sex
for the winter fishery: the age-at- ‘:O% -selectivity, and the age-at-95%-selectivity.

The simulations assume that catch, catch-rate and catch-at-age data are available
for all years from 1995 to the current year. The catches are assumed to be
measured without error. Catchability is assumed to be lognormally distributed,
ie.

F2

El= ;y'—e””“;/z (A.14)

where v, is from N(0;0,),
E? is the effort applied by the winter fishery during year y,

q is the catchability coefficient (generated from the Bayesian
posterior), and

o, is the standard deviation of the observation errors.

The observed catches-at-age are assumed to be log-normally distributed about
their true values :

f.sobs _ AfLs )
Cy,a - Cy,a fS5/f.s (AIS)
W ,
s a

- S_ 2
Cf,s . Cf..\‘e‘?yf,ab_cc{y.an
ya = ya

where ¢/ is from N(0;(c7;,)?), and w/* is the mass of a fish of sex s and age
a during fishery f (either w, for the winter fishery or w,  for the summer
fishery). The second term on the right hand side of Equation (A.15)

necessary so that the relationship C/ —ZZWf YCI2 s satisfied. The

variances of estimates of catch- atnage are largest for the ages which make up
relatively small contributions to the catch (e.g. Baird, 1983; Gavaris and Gavaris,
1983). To mimic this, the obseravtion error standard deviation for the catch of
fish of age a during year y depends on the proportion which C/;’ makes up of

the total catch in number of fish of sex s by fishery /during year y:
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M_.
)

o
s
=
N

4

where o/ is th

APPENDIX B : F,, HARVEST STRATEGIES

In the estimation of the F, harvest strategy quotas, the overail calculation
involves specilying the selectivity pattern, estimating £, , projecting the
population to the start of year ¢ +1, and calculating the quota. This appendix
also describes the constraints on inter-annual changes in quota. The F,,
strategies considered in this paper differ from the conventional definitions
because, in addition to yield-per-recruit effects, the impact of fishing mortality

on recruitment is accounted for.

ESTIMATION OF F,,

F, is the fishing mortality at which the slope of the yield vs. fishing mortality

curve is O.n of that at the origin:

oY

|
oF

= O.né'}: (B.1)

F=Fy, F=0

The equilibrium yield at a particular fishing mortality F, is given by the equation

Y=R(F)Y(F) (B.2)
where R(F) is recruitment as a function of fishing mortality, and
Y(F) is yield-per-recruit as a function of fishing mortality.

The yield-per-recruit is calculated assuming that only the winter fishery occurs :

F(F)y= 22w S F N: e ™ (B.3)
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Tm e
WEere w

is the mass of a fish of sex § and age z during the winter

fishery (assumed to be known exactly),
ia H'lc 3 3171t £ +] fichi sear iged diivd tha grinter
is the selectivity of the fishing gear used during the winter

fishery on a fish of sex s and age 4 , estimated using the

—y

equation S, =q, /g ,

is the rate of natural mortality on fish of sex s

is the number of fish of sex s and age a, assuming 1 recruit:

05 a=0_

VN Le ™ (1= 82, F) a=1,.,x (B.4)
Nie ™ (18 F)
| 1-e™ (1-SF)

Z
Il

is the maximum age considered (plus-group)

is the time between the start of the year and the mid-point of
the summer fishery, and

is the time between the mid-point of the summer fishery and
that of the winter fishery

The Beverton-Holt model is assumed to govern the relationship between egg
production and resultant births: :

where

_LH) (B.5)

R(F)=——
a+BE(F)

is egg production :

E(F)=R(F)E(F) (B.6)

E(F) is egg production-per-recruit :
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X,
o~ R -
Ferye S £ 7 | \
E(Fy=2,f.N/ (B.7)
a=1 :
5 is the fecundity of a female of age a.

The following equation relating equilibrium recruitment to the values for the
stock-recruitment relationship and egg production-per-recruit can be obtained
by substituting Equation (B.6) into Equation (B.5):

E(FR)-é )

R(F) = — .8)
(F) 5P (B.8)

(o))

§
H

CALCULATION OF F,, STRATEGY QUOTAS

The quota for year i+7 is given by:

Q= 22 W, S F Ny e (B.9)
where N/, is the number of fish of sex s and age a at the start of year
+1:
T 1'\7,“;{1_1 a=1,..,x—1 :
Niao =)o, o (B.10)
’ N!A,x + N:,x—l a=x

where N is the number of fish of sex s and age a at the end of year 1

tra

Niu= (N e =ClDe™ = Ciner ™ (B.11)

(Definitions of symbols are in Appendix A.)
CONSTRAINTS

The quota is constrained not to vary up or down by more than a certain (pre-
specified) percentage from one year to the next, and to be constrained to lie
between (pre-specified) lower and upper limits. It is also possible to set a
threshold below which the quota can be increased by more than the pre-
specified percentage limit. The rule used to constrain inter-annual variation in
quotas depends on whether or not the threshold comes into play. If this
threshold does not come into play (Ge. C,>Hor (., <H), then the
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‘constrained” qustz is calculated using Eaquation (B.12). If the threshold does
apply, it is calculated using Equation (B.13) instead.
C(1-p/100) it g, <C(1-p/100)
Q:H = Q[+] if Cx(i— z’?/:{}@ < QH—I < {jt{l—‘l_{f ! 100} iBlZ}
C.(1+4¢/100) if 0, >C(1+4/100)
J C.(1- p/100) if 0, <C(1-p/100)
., =10, ifC{1-p/100)<Q,, <C(1+4/100) (B.13)

{max(c (1+¢/100),H) if Q. >C(l+4/100)

The “constrained” quota calculated using Equations (B.12) and (B.13) is then
constrained to lie between the pre-specified maximum and minimum limits:

J A if 0, <A
NERTON if A<Q,, <B (B.14)
[B if 0/, >B

where 0., is the quota calculated by using Equation (B.9)

Q... s the actual quota for year 1+1

C, is the catch for yeaf !

)2 is the maximum percentage decrease in quota
q is the maximum percentage increase in quota
H is the threshold (H<B)

A is the minimum quota

B is the maximum quota

The total quota is divided between the summer and winter fisheries in
proportion to the catches by the two fisheries over the years 1980 — 1985.
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APPENDIX C: THE AD HOCTUHED VPA ESTIMATOR

{POPE AND SHEPHERD, 1985, BUTTERWORTH ET AL., 1790)

To cobtain the estimates of the fishing mortality and numbers-at-age matrices
required to compute quotas, the standard ‘JDA back-calculations for each cohort,
together with the selected tuning algorithms, are applied iteratively until

THE VPA BACK-CALCULATIONS

The VPA back-calculation process is used to calculate the entire numbers-at-age
matrix (N) from the numbers-at-age for the oldest-age (age x, taken to be a
plus-group and equal to 10 for the analyses of this paper) and the most-recent-
year (year #). The equation used to calculate N' _, the number of fish of sex s

.
and age a at the start of year y, from N, ., is:
=(C+(CH N ey e g<x-1 (CD
where N;, is the number of fish of sex s and age a at the start of year y,

M"* is the (age-independent) rate of natural mortality on fish of sex
S?

C;"fl is the catch (in number) of fish of sex s and age a during the
summer fishery of year y,

Ci* is the catch (in number) of fish of sex s and age a during the

winter fishery of year y,

{1,  is the time between the start of the year and the mid-point of
the summer fishery,

is the time between the mid-point of the summer fishery and
that of the winter fishery, and

The fishing mortality on animals of age a and sex s by fishery f during year y,
F[? is given by:
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e" LS J(NS g7y i f =
(Y ix £
V*Vf & y.a y,(l < N
Hya = 2 M* 1 7 i Ff=7 (€2
) ;/\\Z‘J; a?)«h p\,Z) €~ZZM > i) =4

ck-projection of the plus-group is achiev ed using
the equations derived by Powers and Restrepo (1992).

TUNING PROCEDURE

The algorithm used to tune the oldest-age terminal fishing mortalities is based
on the assumption that the age-specific selectivity function is flat over the oldest
r+1 ages (where 7 is taken to be 2 for the analyses of this paper). The equation
specifying the fishing mortality on the plus-group as a2 function of those on the r
younger ages is:

l/r

B —LHF“J y=1,..,t (C.3)

a=x—r

The methed applied to tune the most-recent-year terminal fishing mortalities is
the Laurec-Shepherd tuning algerithm (Pope and Shepherd, 1985):

B =g B> a=01,...,x—1 C.9
Un,
where g’ = [H(Fja /E; )]
E‘_ is the catchability coefficient for age @ and sex s,
E ‘2 is the effort for the winter fishery for year y, and
n is the number of years for which effort data are available.

ESTIMATION OF THE PARAMETERS OF THE STOCK-RECRUITMENT RELATIONSHIP

The annual recruitment (number of 0-year-olds) is assumed to be related to the
total egg production by the Beverton-Holt stock-recruitment relationship:

N o C.5)
41,0 C.5
y B+E,

where E is the total egg production at the end of year y:
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X
L A . N
2 J— 7 f “
f‘y - Mfa ‘Z‘Jy,a (CC)
a=}
fa is the fecundity of a female of age 4, and
o, are the parameters of the stock-recruitment relationship.

The estimates of ¢, B are obtained by fitting model (C.5) to the estimates of egg
production and recruitment provided by the VPA:

=4

DN+ N )= tnN ) €7

¥.0
y=1
The estimates of recruitment for the years -3, i-2, -7 and ¢ are omitted from this

regression because their variance is usually very large (see, for example,
Butterworth et al., 1990).
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APPENDIX

APPENDIX

MAMAGEMENTY STRATEGY EVALUATION - COMPUTER SYSTER
AIMSE

s Development of Management Strategy Evaluation (MSE) scftware tock
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# The software should run efficiently on IBM compatible PCs, and alsc
Unix systems if necessary;

¢ The system shculd be developed in a general manner, allowing
alternative species and fishery structures with a minimum of re-
development;

e A modular design should be implemented to allow alternative
assessment methods, operating models, management strategies etc. to
be interchanged.

DEVELOPMENT ENVIRONMENT

The Management Strategy Evaluation (MSE) computer system was developed
using Borland C++ version 4.02 and the C++ programming language, and runs
on 386, 486 and Pentium IBM compatible PCs. This compiler version allows 32-
bit DOS applications to be developed using a flat memory model which avoids
memory limitations associated with normal 16-bit DOS applications. Such a
system allows programmes to effectively use all memory installed in the PC.

DEVELOPMENT TOOLS

Scientific programming requires a set of tools for performing routine
mathematical operations such as matrix multiplication or function minimisation,
as well as utilities for graphically displaying the results from models both on-
screen, and hard-copy.

Otter Research (a Canadian software company) had developed a set of C++
classes and functions which simplify the manipulation of vector and matrices
which they incorporated into a set of C++ libraries called AUTODIF. Vector and
matrix operations are fundamental to more complex mathematical procedures.
This library was implemented, and the standards for vector and matrix
processing were adopted for additional mathematical and graphics libraries.
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Over a2 number of years, a library of C routines was created by CS5IRG and the
Bureau of Resource Sciences for the production of screen graphics using
Borland C compilers. This graphics library was converted to C++, and additional
code was added for the preduction of postscript cutput.

DATA STRUCTURES

C++ data classes were created for the storage of various types of information
used in fisheries modelling. For MSE, these classes included:

e Biological data - storage of biological information usually determined by
specific research including growth parameters by sex, stock-recruitement
relationship type, natural mortality rate, age specific catchabilities,
fecundity, maturity ogive etc.

e Historical data - storage of historical catch, information on the number of
fishing areas and seasons, annual (seasonal) fishery catch rates and catch
at age by sex etc.

e Simulated population data for the operating model - storage of population
numbers at age by year, total biomass and spawning biomass by sex,
fishery selectivities etc.

e Additional classes were created for storage of control parameters for each
module in the system. As such, the modules remain independent.

SYSTEM DESIGN

The flow-chart below describes the MSE system as developed for gemfish. Each
module accepts information as parameters using C++ data structures described
above. A typical run of the program may require 100 simulations, each from the
years 1995 to 2020. To allow for current uncertainty in the status of the
population, 100 alternative current states were created independently using
methods as described in Chapter 3 of this report. This set of alternatives should
capture the uncertainty existing in the most recent gemfish assessments.
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When all simuliations are complete, performance statistics are again summarised,
and the results are used to judge the performance of the management strategy
selected for the run. Alternative management strategies may be ev'aidated by
carrying out additional runs. The system may likewise be used to test the
performance of various assessment methods, operating models, or sampling
regimes.
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For simulation=1.. x

Generates an instance of the S
current state of the fishery : ;

Do a stock assessment using
data sampled from the fishery

Examine assessment results
and apply a management -

Simulate the ‘'true’ population
structure for an additional year

Simulate an annual data sample
from the fishery using assumed
errors and the 'true' population

Module
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Cuirent 'true’ state of the
fishery in the first year
(from population assessmeant)

Fishery indicators for use
by management

Management actions
e.g. quota for the following year

Fishery samples for use by
stock assessment

Report of management
strategy performance




