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EXECUTIVE SUMMARY 

Haist, V.; Starr, P.J.; Himorn, R; Parma, A. (2002). Assessment of the western and eastern 
region hoki stocks for 1999. 
New Zealand Fisheries Assessment Report 2002i23.44 p. 

Stock assessments for western and eastern region hoki up to the 1997-98 fishing year are presented. 
The western region hoki stock assessment is fined to either the acoustic biomass indices or to the 
CPUE biomass indices as these two sets of data appear to be providing conbdictory stock trend 
signals. The eastern region hoki stock assessment is fitted only to the time series of acoustic biomass 
indices. The hypothesis that spawning gmlmd selectivity has changed since the mid1980s was 
investigated by fitting to a time-variant selectivity model and comparing the fits to the time-invariant 
model. Five-year projections under a variety of constant catch scenarios were investigated for both 
stocks using Bayesian methods. 

Current mid-year hoki spawning biomass is estimated to be 1.4 to 1.7 times larger than the 1971 
spawning biomass for the western region when fined to the time series of acoustic biomass indices. 
Conversely, the cment mid-year spawning biomass is about 80% of the 1971 biomass when fitted to 
the CPUE biomass indices. The time-variant selectivity p-etaisation provides a significantly 
better fit to the data than the time-invariant parameterisation, supporting the hypothesis that selectivity 
has changed over the history of the spawning fishery. 

Current mid-year spawning biomass is estimated to be 70% of the 1971 spawning biomass for the 
eastern region hoki stock when fitted to the time series of acoustic biomass indices. The time-variant 
selectivity parameterisation does not provide a significantly better fit to the data than the time- 
invariant parameterisation, not supporting the hypothesis that selectivity has changed over the history 
of the spawning fishery. 

Five-year projections under various constant catch scenarios indicate that there is little risk of either 
hoki stock going below the BMW target biomass under all catch scenarios investigated. Stock size is 
expected to decrease for stocks in both regions under all the catch scenarios. In general, risks are 

, , 

higher far the eastern region stock than for the western region stock 



1. INTRODUCTION 

Scientists *om the University of Washington and the New Zealand Seafood I n d m  Council 
(SeaNC), representing'the New Zealand fishing industry through the Hoki Management Company 
(HMC), have been active in the developmenf application, and review of hoki stock assessments since 
1992 (Cordue et al. 1992, Punt et al. 1993, 1994, Pikitch et al. 1993). The structural complexity of the 
populations model 'used by the UW analysts has increased since the earliest assessments, but Bayesian 
methods have been used consistently fiom the beginning to assess the consequences of alternative 
future management actions. The population model used for the current assessment is a single stock, 
age and sex structuredmodel, developed by Andre Punt and Ana Parma (Parma et al. 1997). 

In this manuscript, results of a hoki stock assessnent are presented with fishery and biological data 
which have been updated through the 1997-98 fishing year. The analysis of the western hoki region 
uses either the CPUE or the acoustics data as representative of the population, and the analysis of the 
east- hoki region uses only the time series of acoustics data as population biomass indices. The 
hypothesis that fishery selectivity has changed over the period for which there are catch-at-age data is 
investigated Stock projections are based on status quo and incremental increased catch levels for 
200044. Bayesian methods are used to evaluate the consequences of the alternative future harvest 
policies. 

2. METHODS 

2.1 Single stock population model 

The model used in this stock assessment is an age- and sex-specific single stockmodel which assumes 
that there are no dynamic interactions with any other hoki stocks. The biological assumptions 
underlying the model structure include: 

separation of the mature and immature stock components; 

equal vulnerability for mature fish to the pre-spawning fisheries; 

a constant fraction of mature fishmigrating to the spawning grounds each year; 

selective spawning-ground fisheries, both in the age and sex structure of fish caught; and, 

a stochastic recruitment process with an underlying Beverton-Holt type stock recruitment 
relationship. 

A full description of the model structure and equations are given in Appendix 1. 

For the western region hoki, where data on the female maturity-at-age are available (Livingston et al. 
1997), parameters of a maturation ogive are estimated. No data are available on male maturation rates 
or for female maturation in the eastern region, so for these categories, values for the parameters of the 
maturation ogives are assumed (Table 1) 

There have been apparent major changes in both the timing and geographical distribution of the west 
coast South Island spawning fishery (Kendrick 1999), and it is likely that these changes have affected 
the relative selectivity of this fishery on the spawning hoki population. To investigate the hypothesis 
that selectivity has changed over time, the hoki data are fitted to a model with parameters for time- 
variant selectivity-at-age, and the results of these fits are compared to the fits with time-invariant 
selectivity. 



For stock projections, catches during the 1998-99 fishing year are assumed to be the same as during 
the 1997-98 fishing year. Catches for the 2000-04 period are simulated at both current TACC levels 
and with incremental catches above current levels. Model parameters are those estimated for the stock 
reconstruction, ad, for the time-variant selectivity model formulatiw, the fishery selectivity over the 
projection period is assumed to be the average selectivities estimated fkom the 1987-88 to 1997-98 
fishing years. 

MSY and B, are calculated based on the estimated Beverton-Holt stock-recruitment parameters, the 
estimated life history parameters (natural mortality and maturation), and the specified growth function. 
Recruitments are deterministic, based solely on the spawning stock biomass, and the stock-recruitment 
steepness parameter is assumed known. A single spawning season fishery with the average age and 
sex specific selectivities estimated for the 1987-88 to 1997-98 fishing years is assumed 

2.2 Parameter estimation 

Bayesian estimation procedures are used to investigate uncertainty in model parameters and in future 
stock conditions under alternative harvest levels. The first step in the Bayesian b e w o r k  is 
estimation of the mode of the posterior of all independent model parameters. . This requires 
specification of the likelihood function for data observations and priors for model parameters. In the 
second step, Markov-Chain Monte Carlo (MCMC) simulation (Gelman et al. 1995) is used to estimate 
the posterior distniutions of key model parameters and management quantities. One million MCMC 
simulations are conducted and 2000 of these are sampled to approximate the posterior. 

Some biological parameters are assumed to be known exactly. These include the hoki growth 
parameters for each region, the maturation ogives of male hoki andeastem region female hoki, the 
proportion of the mature stock that spawns each year, the steepness parameter of the Beverton-Holt 
stock recruitment relationship, and the ageing error matrix p a l e  I). 

For the remaining model panmeters, informative priors are specified (Table 2). These include the 
virgin stock biomass DO), the natural mortality rates, the variance of the deviations fkom the stock 
recruitment relationship, the age at 50% selectivity for western female hoki, and the variance of the 
deviations *om the fishing selectivity relationship. 

2.3 Data 

The analyses presented here are fitted to total catch data separated into pre-spawning and spawning 
season fisheries for each hoki region over a period spanning the 1970-71 to 1997-98 fishing years. 
Similar assumptions to previous assessments were followed for splitting the catch data into these 
categories (e.g., Ballara et al. 1998). The analyses were also fitted to age and sex composition data 
from the two spawning season fisheries for the 1987-88 to 1997-98 fishing years. 

Relative population abundance data used for fitting in the analyses include: CPUE biomass indices 
(western region only); acoustic survey biomass indices; trawl survey indices of biomass of age 5 and 
older hoki; bawl survey indices of numbers-at-age 2; and maturity-at-age data (western region only). 
To facilitate comparison of the data used in this single stock model with that used for the alternative 
multi-stock analysis (Cordue 1999), a summary and comparison of the data inputs for the two models 
are presented in Table 3. 

A re-evaluation of the hob age-composition data has been made in 1999 due to apparent 
misintqretation of the process of laying down otolith growth in the first few years (McKoy 1999). 
Because there is a lack of regularity in laying down growth rings in the first few years for about two- 
thirds of all otoliths, ageing for these otoliths has been tuned to an estimate of mean otolith growth rate 
for the first three years @om & Sullivan 1996). However, it now appears that growth varies between 



year classes more than previously expected and that weak year classes generally grow faster than 
strong year classes. Examination of year class strengths has indicated that strong year classes (e.g., 
1988) have been misclassified into adjacent weak year class (e.g., 1989). Although the extent of this 
problem has not been fdly explored, a revised age composition based on a reanalysis of the ageing for 
the 1989 and the 1995 year classes in fow sets of samples (west coast spawning fishery, Cook Strait 
spawning fishery, Chatham Rise trawl survey, and Sub-Antarctic trawl survey) has been used as the 
base case in this analysis. For comparison, a sensitivity analysis has been performed using the ageing 
based on the criteria published by Horn & Sullivan (1996). 

2.4 Projections 

Catch levels for 1999-2000 h u g h  to 2003-04 were based on the cwent TACC of 250 000 tomes 
and the observed distribution of catch by fishery in the 1997-98 fishing year. The "base" catch levels 
for each fishery are presented in the following table: 

"base" catch ('000 tomes) 
western region eastern region 

pre-spawning season 50 100 

spawning season 48 ' 52 

In addition to the "5ase" catch levels, stock projections were also made at elevated catch levels which 
added incremental catches of 20 000,40 000 and 60 000 t to the base level for the western region and 
incremental catches of 10 000, 20 000 and 30 000 to the base level for the eastern region. The 
additional catches were distributed between the. pre-spawning and spawning fiheries in the same 
proportions as in the '%base" case for bothregions. 

Projection results have been summarised in terms of current state of the stocks, which is measured by 
the 1999 spawning stock biomass. Projection results for the western region are presented only from 
the fit to the CPUE data, and the results use only the time-variant selectivity formulations in both 
regions. 

3. RESULTS 

Separate analyses for the western hoki region were conducted by fitting to either the time-series of 
CPUE or acoustics data. For the eastern hoki region, only the acoustics survey data were fined. 
Model parameters were fitted under alternative hypotheses of time-variabt and time-invariant age- 
specific fishery selectivities. A summary of the components of the negative log-likelihood and model 
parameter estimates are presented in Table 4 for each of the alternative analyses. The analyses 
presented in Table 4 are based on a revision of the age composition data presented to Hoki Fisheries 
Assessment Working Group (McKoy 1999). Equivalent analyses using the previous method for 
ageing hoki (Horn & Sullivan 1996) are presented in Table 5. 

3.1 Western region assessment 

3.1.1 Stock reconstruction: mode of the posterior 

For the western region, the fit to the CPUE data is superior to the fit to the acoustics data, even though 
there are more CPUE data points (12 CPUE data points versus 7 acoustics data points). The 
recruitment time-series follow similar trends for the CPUE and acoustics fits (Figure I), but the year- 



classes recruiting during the 1990s are significantly larger when the model is fitted to the acoustics 
data. For both sets of analyses, the 1994 year class is estimated as the largest over the historic time 
series. Under the fit to the acoustic data, current mid-year spawning stock biomass level is estimated 
to be 1.4 to 1.7 times larger than the 1971 biomass. However, when the model is fitted to the QUE 
data, the estimate of current stock biomass level is about 0.78 times the 1971 estimate. The fits to the 
trawl survey data and to the age-2 abundance index data are similar for either data set (Figure 2). 

The time-variant selectivity parameterisation provides a significantly better fit to the data for the 
westein region hoki analyses than the time-invariant parameterisation, regardless of which data set is 
fitted (Likelihood ratio test, a = 0.05). This improvement is likely due to an improved fit to the age- 
composition data (Figure 3). The estimates of Bo and current stock status ( B d 7 1 )  for western region 
hold are insensitive to either set of agecomposition data, regardless of the formulation used for 
selectivity (time-sensitive or tirhe-insensitive - compare Tables 4 and 5). This indicates that the stock 
assessment of western region hoki is not sensitive to any potential bias which may result fiom the 
ageing errors desm%ed in Section 2.3. 

The time dependent estimates of selectivity for 5 year olds indicate selectivity foi younger fish 
increased ftom 1988 to 1994 and then decreased (Figure 4). 

3.1.2' Stock reconstruction: posterior distributions 

Model biomass estimates when fitting to the acoustic data were very high, with Bo exceeding 3 million 
tormes (Table 6). Corresponding estimated harvest rates dropped fiom close to 20% in the late 1980s 
to about 5% in recent years. Such a drop is probably unrealistic based onhistorical trends in catch and. 
effort. Whenthe model was fitted to the CPUE indices instead of the acoustic indices, biomass 
estimates were smaller (Table 6) and harvest rates in recent years were close to 15%. 

The trajectory of the spawning stockbiomass (SSB) shows a gradual decline since 1971 followed by a 
substantial increase since the mid 1990s to a level which exceeds the initial biomass, regardless of the 
data set fitted (Figure 5). When fitted to the CPUE data, the trajectory of the SSB shows a somewhat 
greater decline since 1971 than for the fit to the acoustic data, but the subsequent increase in biomass 
since 1995 is much less substantial than the comparable .increase when the model is fitted to the 
acoustic data (Figure 5). 

The median and confidence bounds fiom 'the posterior distniutions of SSB for the western region hoki 
show similar patterns to those seen fiom the modes (Figure 5). The fit to the acoustic data is 
substantially more optimistic than the fit to the CPUE data, regardless of the selectivity assumptions 
made. Uncertainty is greater when the model is fitted to the acoustic data, reflecting the inconsistency 
of this data series relative to the other model data. Uncertainty is also greater when selectivity is 
allowed to vary over time, probably due to the presence of additional fiee parameters in the model. 

The posterior distributions for the relative indices of recruitme& were similar for both the time-variant 
and time-invariant hhypotheses (Table 7, Figure 6). There is little uncertainty in the weak year classes, 
while there is considerable variation possible in the relative strength for the stronger year classes. The 
posterior distributions of the recruitment multipliers in the years before about 1978 to 1980 have not 
been modified much by the data as there are no agecomposition data before the 198748 fishing year. 
As well, the most recent years (the 1996 and 1997 year classes) are also very poorly determined as 
there have been few observations for these year classes (Figure 6). 

3.1.3 Stock reconstruction: estimates of MSY and B,, 

The median MSY estimate for the western region hold is 244 000 t (time invariant formulation - 
Figure 7). The instantaneous harvest rate which generates this MSY (Fm, expressed as the fraction 



of vulnerable population harvested) is near to one (80% probability intervals for Fm are 0.97-1.00). 
This high value for FW results fbm the model structure which assumes that significant quantities of 
hold are not vulnerable to fishing during the spawning period (younger age-classes that are not W y  
selected and a fiaction of mature fish which do not spawn in every year). 

3.1.4 Stock projections: posterior distributions 

The estimates that'the stock will be below 20% of BO at the end of the projection period (2004) are 
zero or nearly zem under c m t  catch levels, regardless of whether the model is fitted to the acoustic - - 
or the CPG biomass indices (Table 8). Biomass levels are expected to decline over the next five 
years under current catch levels under both fitting assumptions, but thae is no likelihood that the stock 
will drop below B, when fitting to the acoustic biomass indices and only a low probability of 
dropping below B, (14%) when fitting to the CPUE indices pable 8). Risks are low for the western 
stock but may be poorly estimated because estimates of recent year class strengths are uncertain. 

The prediction that the western region hoki stock size will decline over the five year projection period 
holds for all the catch scenarios kvestigated (probability range from 57% to 69% -Table 9). This 
decline is due to a combination of factors, including the mAty of the present large year cla&es and 
the small size of the 1995 and 1996 year classes. The probability that the stock size will remain above 
B, drops below 50% if the true stock size is in thelower third of the range and the cwent catch 
levels are increased by 60 000 t (an increased catch of 40 000 t is at the 50% probability level). 

3.2 Eastern region assessment 

3.2.1 Stock Reconstruction: Mode of the Posterior 

The stock reconstructio~~~ for the eastern region hoki, based solely on fitting to the acoustics b i o k s  
indices, suggest that stock biomass was relatively stable !?om 1971 bough the early 1990s, and has 
since been decreasing (Figure 8). Current midyear spawning stock biomass level relative to the 1971 
estimate is about 0.70. The 1994 year class is estimated as significantly above average, as in the 
analyses of western region hoki, but, for this region, both the 1987 and 1988 year classes are estimated 
to be of similar magnitude to the 1994 year class. The model fits the trawl survey data reasonably 
well, but does not track the changes in the acoustic biomass estimates very well (Figure 9). 

The timevariant selectivity parameterisation did not improve the fit to the data for the eastern region 
hold as much as for the western region hoki. This can be interpreted to mean that selectivity has not 
shifted much over the assessment period and this conclusion is borne out by the plot of the age five 
selectivity which shows little change over the entire period (Figure 4). The fit to the agecomposition 
data over time is similar under both hypotheses (Figure 3). 

The estimates of Bo and current stock status @&I) for the eastern region hoki are also insensitive 
to either set of age-composition data, regardless of the formulation used for selectivity (time-sensitive 
or time-insensitive - compare Tables 4 and 5) This indicates that the stock assessment of eastern 
region hoki is also insensitive to the potential bias which may result fiom the ageing errors described 
in Section 2.3. 

3.2.2 Stock reconstruction: posterior distributlons 

Current mature biomass levels are approximately 50% of BO and of the initial biomass and 
approximately twice the B, level (Table 10). The median and confidence bounds from the posterior 
distributions of SSB for the eastern region hoki also show similar patterns to those seen fiom the 
modes (Figure 10). Uncertainty is similar for either time-variant or time-invariant selectivity, which is 



a similar conclusion to the one reached when examiuing the posterior modes. This reflects the 
consistency of the data over the period the agecomposition data were collected. 

As for the western region hoki, the posterior distributions for the relative indices of recruitment were 
s i m h  for both the time-variant and time-invariant hypotheses (Table 11, Figure 6). A&, the 
posterior distniutions of the recruitment multipliers in the years before about 1978 to 1980 have not 
been modified much by the data as there are no agecomposition data before the 1987-88 fishing year. 
The most recent years (the 1996 and 1997 year classes) are very poorly determined as there have been 
relatively few observations for these year classes (Figure 6). 

3.2.3 Stock reconstruction: estimates of MSY and B, 

The median MSY estimate for the eastern region hoki is 117 000 t (time invariant formulation - see 
Figure 7). The instantaneous hanrest rate which generates this MSY is also near to one (80% 
probability intervals for Fm are 0.90-1.00). 

3.2.4 Stock projections: posterior distributions 

The estimates that the stock will be below 20% of BO at the end of the projection period (2004) is 30% 
under current catch levels Ogble 12). Biomass levels are expected to decline over the next five years 
under current catch levels. There is a 69% probability that the stock will remain above BLW at the end 
of the projection period, but this value is influenced by the long right tail of the posterior distribution 
of Bzoo4 which is demonstrated by the wide confidence bounds on the expected value of B z d W  
(Table 12). Risks are moderate for the eastern stock but may be poorly estimated because estimates of 
recent year class strengths are uncertain. Note also that Bm is probably poorly estimated in this 
assessment and that comparisons with this reference point should be treated with caution. 

The prediction of a stock decline for the eastern region hoki stock holds for all the catch scenarios 
investigated for reasons similar to those discussed for the western region hoki (probability range from 
54% to 63% - see Table 13). If the true stock size is in the lower third of the range, then the 
probability that the stock size will remain above Bm is below 50% at all catch levels. 

4. DISCUSSION 

4.1 Stock reconstruction 

4.1.1 Western region hoki 

The analyses of the western region hoki stock were based on stock reconstructions which used either 
the CPUE or the acoustics data sets to represent changes in the population biomass. The analyses of 
these data sets give substantially dierent interpretations of the current status of this population and of 
the likely yield in the next five years. While it is difficult to choose objectively between these two 
interpretations, it is likely tbat the CPUE data would be a more consistent index of stock biomass 
compared to the present acoustic index. For instance, the value of the 1997 acoustics index is nearly 
double that of the previous acoustics survey index, yet this increase in abundance is not supported by 
other independent indices of abundance. In order to fit this high 1997 acoustics data point, the model 
must increase the size of the 1992,1993, and 1994 year-classes substantially, resulting in a doubling 
of the mature biomass between 1995 and 1998. It would be expected that an increase of this 
magnitude should be apparent in the 1998 autumn survey in the sub-Antarctic, but the age 5+biomass 
index for that survey was 30% lower than in the previous survey conducted in 1996. Additionally, if 
the 1992 to 1994 year-classes are as large as is estimated &om the fit to the acoustics data, the increase 
in abundance on the spawning grounds should be apparent in the spawning season fishery by 1998. 



While the CPUE index did show a slight increase in 1998 over the 1997, the g e n d  perception is that 
the spawning stock remains well below historic levels. These observations imply that the CPUE 
biomass indices are likely to be prefmed ova the acoustic biomass indices. 

This analysis appears to support the hypothesis that fishery selectivity in the spawning fishery has 
changed over time for the western region hoki. Inclusion of timevariant selectivity formulation 
significantly improved the model fit to the data. The existence of time-variant selectivity is also 
consistent with observed changes in the west coast South Island fishery. The timing of this fishery has 
become progressively later over the 1988 to 1998 fishing seasons and there has been an apparent move 
by the fishery to more northern areas (Kendrick 1999). It is thought that younger fish tend to spawn 
later and Ma north & the fully mature population which was initially exploited in the late 1980s. 

4.1.2 Eastern region hoki 

The analysis of the eastern region hold population was based solely on the assumption that the 
acoustics data series represents the underlying spawning population. CPUE data have been rejected 
by the Hoki Fisheries Assessment Working Group (KFAWG) as an index of abundance due to the 
confined nature of the fishery and the highly aggregated spawning population. Under these 
circumstances, it was felt by the HFAWG that CPUE would not reflect population changes due to the 
potential to target schools even under conditions of low abundance. However, the population 
dynamics of hoki do not allow the model to track the acoustics biomass indices very well. While the 
acoustics abundance estimates were low fiom 1988 to 1992, showed a sharp increase in 1993, and 
have since been declining, the model pred~ction of spawning biomass is nearly flat or gradually 
declining. 

This analysis does not support the hypothesis that fishery selectivity in the spawning fishery has 
changed over time for the eastern region hold. This is not surprising, as the dynamics of this fishay 
are substantially different from those of the west coast spawning fishery. As well, this fishery did not 
really develop until the early 1990s and has not been particularly large except for the three most recent 
years. 

4.2 Model structure and assumptions 

There are potentially substantial limitations to the single stock model presented in this paper if the 
current accepted hypotheses for hoki stock structure and movement processes are correct. Hoki spawn 
on the west coast of the South Island (western region hoki) 'or in Cook Strait between the North and 
South Island (eastem region hoki). Subsequently both hoki populations are thought to rear on the 
Chatham Rise, with the western region hoki departing for sub-Antarctic waters between the third and 
fifth year of life. The current hypothesis assumes that a11 adult hoki older than five years left on the 
Chatham Rise belong to the eastern region hoki population. These hypotheses, if correct, render 
incorrect some of the assumptions which underlie the stock assessments presented in this paper. For 
instance, the Tangaroa age 2 biomass indices index both populations simultaneously and would 
require a model which incorporates abundance predictions for both populationsto correctly interpret 
these abundance indices. Similarly, it is known that immature fish are taken on the Chatham Rise and 
it is likely that both populations are being harvested simultaneously. Again, a model which estimates 
the population age structure in this area for both populations is required. 

However, such a model requires a large quantity of data which are not readily available at this time. 
The required additional data include time series of biomass indices for mature and immature 
populations on the Chatham Rise and in the sub-Antarctic. As well, both populations should be 
indexed with respect to the mature population which is likely to spawn in each year. The fact that a 
substantial tiaction of each population does not spawn in every year (and is therefore not vulnerable to 



the spawning fishery) is a source of considerable uncertainty in this assessment. I l k  uncertainty is 
not correctly incorporated in the present model piedictions, nor is it well estimated fiom data. 

It is difticult to define an optimal harvest strategy within such a complex model structure. Current 
New Zealand fisheries legislation requires the calculation of an ''maximum optimal sustainable level 
of yield" and bases the management of every fishery on this estimate. However, there is a large set of 
solutions to this calculation when there is a range of possible fisheries, a highly variable recruitment, 
and a high degree of uncertainty for most key parameters. The MSY and &calculations presented 
in this paper are likely to be inadequate given the complexity of the cwent fishery and its present 
dynamic nature. For instance, the Chatham Rise fishery is already the second largest fishery on these 
populations and it is known to catch significant amounts of immature hoki h both populations. A 
more complex and sophisticated model is required to adequately assess the effects of these shared 
fisheries on the two populations. But there is a high cost associated with obtaining the data that such a 
model will require and there will be a significant time lag before these new data are available. Until 
then, it will be difficult to adequately resolve these issues. 

4.3 Stock projections 

4.3.1 Western region hoki 

The projection results indicate that, although the stock is predicted to decline over the next five years 
under all levels of catch investigated, there appears to be a low risk of the stock dropping below the 
B, target biomass during this period. This conclusion should be intexpreted with caution given the 
discussion on the model structure and the underlying assumptions in Section 4.2. In particular, the 
calculation of the B, target biomass level is likely to be sensitive to the uncertainties caused by these 
assumptions and by the changing dynamics of the entire hoki fishery. 

4.3.2 Eastern region hoki 

As for the western region hoki, the projection results indicate that the stock will decline over the next 
five years under all levels of catch investigated. The risk of the stock dropping below the B, target 
biomass during this period is less than 50% for all levels of catch investigated, but the probabilities are 
lower than the equivalent probabilities for the western region hoki. This conclusion should be 
interpreted with caution for reasons similar to those discussed in Section 4.3.1. The changing 
dynamics of the hoki fishery could have a substantial effect on the eastern population as it is the 
Chatham Rise fishery which is presently expanding at the greatest rate. 
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Table 1: The values of the biological parameters assumed known In the single stock hoki model. 

Westem R e ~ o n  Eastern Repion 
pa-etk Male Female Male Female 

Steepness - h 
Fraction spawning - p 
L, ( m )  
K W1) 
to Q 
el ( g m ~ m - ~ )  
e, 
Maturity ogive - &, 
Ageing error P ,j 

Age 3 

0.9 0.9 
0.77 0.77 
104.0 89.5 
0.213 0.232 
-0.60 -1.23 
0.006 0.004 

2.85 2.95 
Estimated Age 3 

1 for a=i <6 
0.70 for a=i 26 

0.15 for &1 =i and= 
0 otherwise 

Table 2: Priors assumed for the single stock hoki model. 

Parameter Prior 

M (yfl) -males U[0.25,0.35] 
M (JT-9 -females U[0.20,0.30] 
B, ('000 t) - westem region UP, @W 
BU ('000 t) -eastern region U[O, lSOO] 

as, (age at 50% selectivity) N[5 , 0.35'1 

1. (&om,,), (%91.,) ~[0,0.15'] 

' 4 5 ) J n ( & a )  N[~, l .d ]  

0.9 
0.77 
101.8 
0.161 
-2.18 
0.004 

2.95 

Age 4 



Table3: Hold fishery and survey data used in the singIe-stoek stock assesiment analyses. For 
comparison, the data sets used in the multiple stock model described by Cordue (1999) are also 
presented. AN available data wbich are used in the multiple stock model are Listed. Data which 
are used in the single stock model descnid in this paper are annotated. Codes for the ageing 
methods are: 0 - otoliths; M - Mir; LF - length classes. 

Notes regarding which data are used in the single-stock 
Data source: Years Age model analysis2 

age composition data1: 
WCSI 1988-98 0 All 
Sub-Anfarctic ' 1992-98 M Total catch only no age-composition 
Cook Strait 1988-98 0 All 
Chatham Rise 1992-98 M Total catch only, no age-composition 

Index data (biomass): 
WCSI acoustic 1988-93,1997 Did not include 1997 data pomt 
WCSI CPUE 1987-98 All 
Cook Strait acoustic 1988,1991-98 All 

Surirey 
numbers-at-age: 
Chatham Rise: 
- Tangaroa 

- Amaltal Eiplorer - S h i h i  Mum 
Sub-Antamtic: 
- Tangaroa, Dec. - Tangaroa, Sept 
- Tangaron, April 
- Amaltal Explorer - Shinkai Maru 

Southland: 
- Tangama 

(age 1 and 2) 

1992-98 0 Age 2 data for both E. and W. regioxns 
Age 5+ index for eastem region 

1989 M 
1983,1986 M 

1991-93 0 Age 54- index (trawl survey) 
1992 0 
1993,1996,1998 0 Age 5+ index ( a m  SU~VC~) 

1989-90 M 
1982-83 ' M 

' Total catch data for al l  fisheries for 1971-98 (1970-71 to 1997-98 fishing years). 
'Western region analysis also fitted to maturity-at-age data. 



Table 4: Values of log-likelihood components and estimate of model parameters from the mode of the 
posterior Iits to the western and eastern hold region data for the alternative biomass 
population index data and the two selectivity hypotheses. These estimates use the revised age- 
composition data described in Section 23. 

Westm Reeion Eastern Reeion 
CPUE Acoustic Acoustic 

Time Time- Time- Time- Time- Time- 
model estimates inGariant 

selectivity 
Components of neg-log 
likelihood: 

total 
age-composition 
acoustics or CPUE 
trawl survey 
autumnsurvey 
age-2 survey 
recruitment dm's 
selectivity 
maturity 

Model parametem: 
BO 
B(1971) 
SSB(1971) 
B(1999) 
SSB(1999) 
B(99)IS(7 1) 
SSB(99)/SSB(71) 
M -male 
M -female 

Number of parameters 
estimated: 

Mliant 
selectivity 

-121.724 
-162.606 

2.326 
0.428 
3.483 
5.583 
7.276 
9.017 

12.768 

2 223 
1398 
1 076 
1102 
836 

0.79 
0.78 
0.30 
0.23 

79 

invariant 
selectivity 

-97.632 
-141.058 

,5139 
0.178 
5.377 
4.761 
8.100 
5.424 

14.447 

2 700 
1 675 
1290 
2 328 
1780 
1.39 
1.38 
027 
0.20 

57 

valiant 
selectivity 

-119.050 
-162.805 

4.149 
0.059 
3.960 
5.612 
7.876 
9.635 

12.467 

3 233 
1 972 
1518 
3 350 
2 567 

1.70 
1.70 
0.3 1 
0.24 

79 

invariant 
selectivity 

-134.746 
-171.853 

18.272 
2.778 - 
9.184 
3.714 
3.161 - 

1 102 
698 
538 
481 
364 
0.69 
0.67 
0.33 
0.26 

54 

variant 
selectivity 

-141224 
-180.614 

18.164 
2.768 - 
9.184 
3.950. 
5.324 

1 108 
699 
538 
497 
376 
0.71 
0.70 
0.34 
0.26 

i 6  



Table 5: Values of log-likelihood components and estimate of model parameter from the mode of the 
posterior fits to the western and eastern hold region data for alternative population biomass 
index data and the two selectivity hypotheses. These results have been fitted to the age- 
composition data which have been derived using the procedure described in Horn & Sullivan 
(1996). 

Westem Revion Eastem Reeion 
CPUE Acoustic Acoustic 

Time- 
model estimates invariant 

selectivity 
Components of neg-log 
likelihood: 

total 
age-composition 
acoustics or CF'm 
haw1 survey 
aubrmn survey 
age-2 survey 
recru imt  dev's 
selectivity 
maturity 

Model pkmetcrs: 
BO 
B(1971) 
SSB(1971) 
B(1999) 
SSB(I999) 
B(99)1B(71) 
SSB(99)/SSB(71) 
M -male 
M -female 

Number of parameters 
estimated: 

Time- 
variant 

selectivity 

-115.864 
-156.028 

2.041 
0.496 
3.661 
5.823 
6.875 
8.515 

12.752 

2 240 
1407 
1083 
1115 

846 
0.79 
0.78 
0.29 
0.23 

79 

Time- 
invariant 

selectivity 

-93.755 
-136.446 

5.011 
0.187 
5.511 
4.940 
7.713 
5.177 

14.152 

2 722 
1685 
1298 
2 331 
1 782 
1.38 
1.37 
0.27 
0.20 

57- 

Time- 
variant 

selectivity 

-1 12.945 
-155.953 

4.073 
0.072 
4.243 
5.754 
7.505 
8.915 

12.445 

3 260 
1987 
1529 
3 365 
2 579 

1.69 
1.69 
0.32 
025 

79 

Time- 
invariant 

selectivity 

-127.154 
-165.846 

17.434 
3.127 

11.233 
3.974 
2.923 - 

1 096 
693 
538 
470 
355 
0.68 
0.67 
0.33 
0.25 

54 

variant 
selectivity 

-134.557 
-175.922 

17.600 
2.856 - 

11.479. 
4.442 
4.988 

- 

974 
614 
473 
422 
318 
0.68 
0.67 
0.33 
0.25 

76 



Table 6: Western stock: Biomass estimates of mature fish during midspawning season using the time variant 
selectivity assumption (million t). Results presented are the mean, 5% and 95% confidence bonnds 
and the mode of the Bayesian posterior; a sample of size 5000 was used to compute the mean and 
confidence bounds. Also presented is the posterior mode of the biomass estimates when using a time 
invariant seiectivity assumption 

Fit to Time invariant 
acoustic data Time variant selectivity 

Mean Lower5%. U m 9 5 %  Mode 

Time variant selectivity 
Mean Lower5%. Upper 95% Mode 

2.25 1 A6 3.33 
2.31 1.09 4.36 1.40 
1.21 0.69 1.94 1.10 
55% 32% 86% 
60% 26% 111% 79% 

203% 118% 315% 

selectivity 
Mode 

Time invadant 
selectivity 

Mode 



Table 7: 

Year class 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 

Snmmvy values from the Bayesian posteriors of year class strengths for the western hold 
stock when fitted to the CPUE data and using a time variant assumption for the selectivities in 
the spawning fishery. Results presented are the mean, 5% and 95% confidence bounds and 
the mode of the Bayesian posterior; a sample of size 5000 was used to compute the mean and 
confidenee bounds. Also presented is the mode of the posterior of the year class strength 
estimates when estimating a time invariant seleetivlly in the spawning fishery for all years. 

Time invariaut 
Time variant selectivity selectivity 

Mean Lower 5% Upper 95% Mode Mode 
0.92 0.11 2.82 0.64 0.75 
0.90 0.12 2.80 0.66 0.65 
0.90 0.12 2.66 0.68 0.62 
0.86 0.12 2.55 0.67 0.58 
0.75 0.11 2.14 0.65 0.53 
0.69 0.11 1.87 0.66 0.52 
0.75 0.12 2.02 0.71 0.54 
0.88 022 1.78 0.91 0.78 
0.57 0.20 1.07 0.51 0.53 
0.75 0.35 1.26 0.69 0.68 
0.87 0.47 1.35 0.80 0.72 
0.69 0.37 1.09 0.63 0.64 
1.16 0.71 1.73 1.07 0.90 
0.88 0.55 1.29 0.81 0.79 
0.37 022 0.57 0.34 0.27 
0.08 0.04 0.14 0.07 0.08 
1.48 0.98 2.11 1.34 1.30 
0.87 0.57 1.26 0.79 0.79 
0.17 0.10 0.26 0.15 0.18 
0.12 0.07 0.19 0.11 0.13 
0.92 0.59 1.33 0.83 1.12 
1.24 0.79 1.83 1.18 1.46 
1.38 0.83 2.11 1 A3 1.59 
1.82 1.00 2.99 1.88 ' 2.00 
0.30 0.14 0.54 0.27 0.32 
1.00 0.11 3.09 0.61 0.61 



Table 8: Western stock: fishery performance indicators for status quo policy using the Bayesian procedure for 
both the acoustic fit and the CPUE fit (time variant selectivity assumption) 

Fit to acoustic data 
Fishety performance Mean Lower Upper 
indicator 5% 95% 
P(SSBm< 03SSB,,)  0% 
P(SSB,& SSBm) 100% 
E(SSB,,/ SSB,) 363% 189% 625% 
P(SSB,,> SSB,& 21% 
E(SSB2,1 SSB,,) 105% 43% 204% 

Fit to CPUE data 
Mean Lower Upper 

5% 95% 
10% 
86% 

217% 79% 432% 
43% 
60% 18% 135% 



Table 9: Stock projection resnlts for the western hold region at alternative projected 2000-04 catch 
levels. Results are from MCMC simulations based on the timevariant selectivity model 
formulation fit to CPUE data. Tabulated values are the mean of all MCMC simulations where 
the 1999 SSB was within the specified range. 

1999 SSB (1000 to~mes) 
(150 750-1000 >lo00 all 

Probability 0.33 0.35 0.33 1 
mean SSB,, ' 617 870 1264 916 

probability SSB, < 0.2(SSBlm) 
2000-04 
catch level 1999 SSB (1000 tonues) 

(150 750-1000 >lo00 all 
Base 0.21 0.07 0.02 0.10 

probability SSB,, < SSB, 
200064 
catch level 1999 SSB (1000 tonnes) 

(150 750-1000 >lo00 all 
Base 0.30 0.10 0.02 0.14 

probability SSB, > SSB,, 
2000-04 
catch level 1999 SSB (1000 tomes) 

(150 750-1000 >lo00 all 
Base 0.43 0.43 0.43 0.43 
base+20K 0.37 0.39 0.40 0.38 
base+40K 0.31 0.34 0.37 0.34 
base+60K 0.28 0.30 0.34 0.31 

2000-04 
catch level 

Base 
base+2OK 
baseM0K 
baset60K 

mean( SSB,/SSB,,) 

1999 SSB (1000 tonnes) 
(150 750-1000 >lo00 all 
0.48 0.60 0.73 0.60 
0.44 0.57 0.70 0.57 
0.40 0.53 0.67 0.53 
0.36 0.50 0.64 0.50 



Table 10: Eastern stock: Biomass estimates of mature fish during mid-spawning season using the t h e  
variant selectivity assumption (million t). Results presented are the mean, 5% and 95% 
confidence bounds and the mode of the Bayesian posterior; a sample of size 5000 was used to 
compote the mean and confidence bounds. Also presented is the posterior mode of the 
biomass estimates when using a time invariant selectivity assumption. 

Fit to Time invariant 
acoustic data Time variant selectivity selectivity 

Mean Lower 5%. Upper 95% Mode Mode 
Bo 1.02 0.66 1.42 
B I ~  1.06 0.50 - 1.92 0.70 0.70 
B1999 0.50 0.26 0.85 0.50 0.48 
BI& 50% 28% 77% 
B199dS1971 53% 23% 99% 71% 69% 
B199d8m 222% 125% 351% 



Table 11: Snmmary values from the Bayesian posteriors of year class strengths for the eastern hold stock 
when fitted to the acoustic data and wing a time variant assumption for the seleetmities in the 
spawning fishery. Results presented are the mean, 5%, and 95% confidence bounds and the 
mode of the Bayesian posterior; a sample of size 5000 was used to compute the mean and 
confidence bounds. Also presented is the mode of the posterior of the year class strength 
estimates when estimating a time invariant seleetivily in the spawning fishery for all years. 

Year class 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 

-t 
Mean Lower 5% Upper 95% Mode 

1.01 0.12 3.09 0.73 
0.82 0.11 2.42 0.65 
0.70 0.11 2.04 0.58 
0.69 0.11 1.97 0.59 
0.58 0.10 1.55 0.51 
0.54 0.10 1.39 0.51 
0.53 0.10 1.38 0.51 
1.10 0.32 2.10 1.22 
1.24 0.64 1.98 1.10 
0.33 0.12 0.61 0.32 
0.56 0.32 0.86 0.50 
0.28 0.14 0.44 0.25 
0.56 0.37 0.81 0.48 
0.68 0.46 0.96 0.58 
0.59 0.39 0.86 0.50 
0.27 0.12 0.45 0.26 
1.85 1.28 2.58 1.57 
2.25 1.54 3.16 1.95 
0.39 0.22 0.61 034 
0.32 0.18 0.49 0.28 
0.68 0.44 0.99 0.57 
0.76 0.48 1.12 0.64 
0.94 0.58 1.42 0.83 
1.81 1.06 2.85 1.71 ' 

0.43 0.15 0.88 0.32 
0.92 0.11 2.86 0.59 

Time invariant 
selectivity 

Mode 



Table12 Eastern stock: fishery performance indicators for status quo policy using the Bayesian 
procedure for both the acoustic Et and the CPUE fit (time variant selectivity assumption). 
Definitions of the performance indicators are given in Section 4(iv). 

Fit to acoustic data 
Fishery performance i ~ d i ~ t o r  Lower Upper 

Mean 5% 95% 
P(SSB,,< O.~SSB,J 30% 
P(SSB2& SSBm) 69% 
E(SSBml SSB,) 194% 29% 461% 
P(SSB,,> SSB,& 34% 

J%%m' SSB~d 46% 6% 116% 



Table 13: Stock projeclion resultp for the eastern hold region at alternative projected 200044 catch 
levels. Results are from MCMC simulations based on the tirimvariant selectivity model 
formulation fit to the acoustics data. Tabulated values are the mean of all MCMC simulations 
where the 1999 SSB was within the specfied range. 

probability 
mean SSB,, 

2000-04 
catch level 

base 
base+lOK 
baset20K 
base+30K 

2 0 0 0 4  
catch level 

Base 
baselOK 
baset20K 
base+30K 

2 0 0 0 4  
catch level 

base 
basetl OK 
base2OK 
base+30K 

200044 
catch level 

base 
base+lOK 
basH20K 
baset30K 

1999 SSB (1000 tonnes) 
0 0 0  300-400 4 0 0  all 
0.32 0.30 0.38 1 
239 349 526 381 

probability SSB, c O.Z(SSB,,,) 

1999 SSB (1000 tomes) 
G O O  300-400 4 0 0  all 

probability SSB, < SSB, 

1999 SSB (1000 tomes) 
0 0 0  300-400 4 0 0  all 

probability SSB, > SSB,, 

1999 SSB (1000 tonnes) 
GOO 300-400 4 0 0  all 

1999 SSB (1000 tomes) 
G O O  300-400 >400 all 
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Figure 1: Estimates (MPD) of mature and exploitable biomass, spawning fishery exploitation rates 
(u-sp), and recruitment deviations for the western hoM assessment fitted to the acoustics 
biomass indices (left panels) and CPUE biomass indices (right panels). Fits are from analyses 
assuming time variant selectivity. 
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Pigure 2: Observed (symbols) and predicted (MPD - h e s )  relative abundance indices from the CFWC 
Oeft panels) and acoustics (right panels) analyses of western region hold. Results are from 
analyses assuming time variant selectivity. Panels represent (from top to bottom): CPUE 
indices, sub-Antarctic summer trawl survey, west coast acoustic survey, sub-Antarctic autumn 
trawL 



Figure3(a): Observed (symbols) and predicted (MFD - lines) proportions-at-age for male hold in the 
west coast spawning fishery. The predicted values are for the western region stock from the 
time variant selectivity model fit to the CPUE data series. 
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Figure 3@): Obsewed (symbols) and predicted @G'D - lines) proportions-at-age for female hold in the 
west coast spawning flshery. The predicted values are for the western reglon stock from the 
time variant selectivity model fit to the CPUE data series. 



Figure 3(c): Observed (symbols) and predicted (MPD - Lines) proportions-at-age for male hoki in the 
Cook Strait spawning fishery. The predicted values are for the'eastern region stock from the 
time variant selectivity model fit to the CPUE data series. 
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Figure 3(d): Observed (symbols) and predicted (MPD - lines) proportions-at-age for female hold in the 
Cook Strait spawning fishery. The predicted values are for the eastern' region stock from the 
time variant selectivity model fit to the CPUE data series. 
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Ngure 4: Estimated @I'D) spawning ground fishery selectivity at age 5 for both sexes for the western 
and eastern hold regions. The estimates are from the fit to the CPUE data for the western 
region and from the fit to the aeonsties data for the eastern region. 



CPUE - timeinvarlant selec(ivlty 

Acoustlw - timeinvariant selectivity 

CPUE - tlmevarlant selectivity 

Acoustics - time-varlant selectivity 

Ngure J: Median and 90" percentiles of the MCMC distribution and the mode of the posterior (MPD) 
of spawning stock biomass (SSB) for the western region hold assessment 
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Figure 6: Distribution of relative year class strengths (YCS) from MCMC simulations for the western 
hold region (CPUE biomass indices, time-variant selectivity) and the eastern hoki region 
(acoustic8 biomass indices, time-variant selectivity). 
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Western Region 

Eastern Region 

Figure2 Frequency distribution of maximum sustainnble yield estimates (MSY) from MCMC 
, simulations for the western hold region (CPUE biomass indices, time variant selectivity) and 

eastern bold region (acoustic biomass indices, time variant selectivity). 
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Figure 8: Estimates (MPD) of mature and exploitable biomass, spawning fwhery exploitation rates 
(u-sp), and recruitment deviations for the eastern hold assessment fitted to the acoustics 
biomass indices and assuming time variant selectivity. 
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Figure 9: Observed (symbols) and predicted (MPD - line) relative abundance Indices from the acoustics 
analysis of eastern region hoki. Residts are from analyses assuming time variant selectivity. 
Panels represent (from top to bottom): CPUE indices, Chathim Rise age 5+ adult trawl 
survey, Cook Strait acoustic survey, Chatham Rise age 2+ trawl survey. 
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Figure 10: Median and 9oth percentiles of the MCMC distribution and the mode of the posterior (MI'D) 
of spawning stock biomass (SSB) for the eastern region hold assessment fitted to the Acoustics 
biomass indices. 



Appendix 1 Descn'ptlon of Single Stock Hoki Stock Assessment Model 

1: The population dynamics model 

The model specified in this appendix is age- and sex-structured, relates recruitment to spawner 
biomass by means of the Beverton-Holt stock-recruitment relationship, and allows for stochastic 
recruitment and fishing selectivity. 

Resource dynamics 

The dynamics of animals of sex s, aged 1 and over, are governed by the equations 

where U:, is the number of &mature animals of age a and sex s at the start of year y, 

N is the number of mature animals of age a and sex s at the start of year y, 

S; ,  is the hction of animals of age a and sex s available on the spawning grounds which are 

vulnerable to the gear during year y, 
M' is the instantaneous rate of natural mortality on animals of sex s, 
4 is the fishing mortality during year y which results from the catches before the spawning 

season (all mature fish are assumed to be equally vulnerable to fishing), 
H,. is the exploitation rate on fully-vulnerable fish during the spawning season of yeary, 
p is the proportion of the mid-season mature biomass that spawn each year (assumed to be 

independent of time), 

T: is the fraction of immature animals of age a-1 and sex s which become mature at age a, 
and 

A is the maximum (lumped) age-class (all animals in this and the previous age-class are 
fully vulnerable and mature). 

Note that the schedules of selectivity and maturity are not equated in this model. Although the sex- 
specific maturity ogive is assumed to be constant, the age-specific vulnerability of the animals that 
have migrated to spawn is allowed to change over time. 

where B: is the biomass of females which spawns during yeary: 



w: is the weight of a fish of sex s and age a (assumed to be constant throughout the year): 

w: = e;(~:) ' :  (1.4) 
LJ = LL' (1 - e-d@-a 

a 1 (15) 

.zy is the recruitment residual for year y (E, - N(0; d) ), 
a: is the variance of the logarithm of the multiplicative deviations in recruitment, and 
a,p are the parameters of the stock-recruitment function. 

Initial conditions 

Were there no fluctuations in recruitment, the resource would be assumed to be at its unexploited 
equilibrium level, with the corresponding age-structure, at the start of exploitation (year yl) .  Instead, 
because of historical fluctuations in recruitment, the sizes of the cohorts at the start of year yl are 

dram *om dis&ibutions that allow for this variability in year class strength. The initial numbers-at- 
age are given by the equations: 

where R1 is the expected number of 1-year-olds at equilibrium in the absence of harvesting, 
E, is a random variable h m  N(O,g ) , and 

0: is the hction of animals of sex s and age a which would be mature. In the absence of 
exploitation, hctions mature at age satisfy 

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. 

A value for R1 is calculated fiom the value for the mid-season virgin biomass, B,, using the equation: 

Values for the stock-recruitment function parameters a and J3 are calculated from the values of R, and 
the "steepness" of the stock-recruit relationship (h). The "steepness" is the fraction of R1 to be 
expected (in the absence of recruitment variability) when the mature biomass is reduced to 20% of its 
pristine level (Francis 1992), so that: 



Catches 

The exploitation rate during the spawning season of year y, H, is calculated using the equation: 
r r s  

where Cf is the spawning-season catch during year y. 

The fishing mortality during year y which results from catches before the spawning season, 4, is 
obtained by solving the equation: 

where C; is the catch taken during year y before the spawning season. 
Cordue et al. (1992) definedthe maximuin possible exploitation rate for west coast hoki during the 
spawning season of year y by means of the equation: - 

where sy is the average proportion of the spawning biomass in the open area in year y, and 
- 

cp is the maximum catch to spawning biomass ratio (i.e. set for p, =l). 

The value of cp is taken to be 0.8 for the western stock and to be 0.5 for the eastern stock The 
maximum pre-spawning fishing mortality, HL, is taken to be 0.8 for the western stock and to be 0.6 
for the eastern stock 

Maturity and selectivity 

The differences in catchability among the different age classes in the population result from the 
combined effects of the age-specific mdmity schedule, as specified in the model by the parameters 
r, , and the fact that not all age classes present on the spawning grounds are equally selected by the 
fishery. Selectivity is assumed to have the logistic form and to depend on sex and year, i.e.: 



where a;,, is the age-at-50%-recruitment for animals of sex s during yeary, and 

a;,, is the age-at-95%-TecNitment for .animals of sex s during year y. 

The selectivity parameters are allowed to change over h e  according to 

where E,,,, and E,,,, are normally distributed random variables with zero mean and variances d,, 
and cr;, respectively. The variance parameters, which are specified a priori, conk01 the degree of 

variability of the selectivity curves. 

Maturation is also assumed to have a logistic f m  and to depend on sex and age. The formulation of 
the maturity ogive depends on a single parameter, &, the age at which 50% of the sex are mature: 

One cannot expect to be able to estimate both the selectivity and the maturity ogives h m  the catch 
age composition alone. Thus, additional information in the form of data and assumptions is needed. 
Histological analysis of female ovaries collected in the Southern Plateau during May 1992 and May 
1993 indicates that the maturity ogive increases steeply below age 5 before levelling off (Livingston et 
al. 1997). On this basis, we assume that female fish of ages 6 and older are all mature, and that the 
maturity ogive is a logistic hct ion of age. We estimate the age at which 50% of females would reach 
maturity in the absence of exploitation by fitting the predicted proportions of females mature at age in 
1992 and 1993 to the proportions of each age class developing to spawn estimated by Livingston et al 
(1997). We fix the slope of the function at the inflection point by assuming that the age at 95% 
maturity is equal to the age at 50% maturity plus one. We estimate maturity jointly with the rest of the 
model parameters, so as to account for the effect that the exploitation history of each cohort has on the 
hctions mature at age on any given year. The observed proportions are assumed to be only 
proportional to the actual maturity hctions because not all mature females spawn every year, and 
because it was estimated that at the time of the m e y s  some of the prespawners had already left the 
Southern Plateau to spawn. Further details are provided in the estimation section. 

Data series 

The acoustic indices are assumed to be proportional to the mid-season spawning biomass: 

The bawl survey abundance estimates are assumed to be proportional to the biomass of all matwe fish 
of ages 5 and older at the end of the year, in the case of the summer surveys, and before spawning in 
the case of the autumn survey. The age 2 abundance indices are assumed to be proportional to the total 
number of 2-year-old fish (immature and mature) at the end of the year. Predicted CPUE is assumed to 



be proportional to the product of the annual proportion outside the 25 nautical mile limit and the mid- 
season exploitable biomass on the spawning grounds, i.e.: 

where q, is the catchability coefficient for commercial fishing on the spawning grounds. 

The mid-season exploitable biomass 

The exploitable biomass in the middle of the spawning season consists of contributions firom the fish 
which went to spawn (and are subject to further fishing mortality) and firom the fish which did not go 
to spawn: 

2: The likelihood function 

Abundance indices 

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

ln0; = ln(g'~;) + tli r j ,  "N(o;[~~I~) 
where d, is the abundance index for year y and series i, 

g' is the constant of proportionality for series i, 

Ei is the model estimate of the quantity corresponding to d, (e.g. the mid-season spawner 

biomass for the acoustic indices), and 
ci is the standard deviation of the logarithm d, (approximated here by the coefficient of 

variation, CV, of d, ). 
The contniution of the abundance index for vear v and series i to the likelihood is therefore: 

For lognormal priors on the constants of proportionality q, it is possible to integrate out the q 
parameter analytically, a technique first proposed by Walters 62 Ludwig (1994). If the prior for q is 
assumed to be lognormal with a mode of 6 and a CV of a,, the contribution of index i to the 

negative log-likelihood (ignoring constants independent of the model parameters and the dependence 
on z] is: 



where Yy = Intoy) - In(Ey), and the summatiions over year are-restricted to those years for which a 

relative abundance is available for series i. Improper priors that are uniform on in(q) &om negative 

infinity to positive infinity can be regarded as lognormal priors with infinite b:. For such priors the 

negative of the logarithm of thelikelihood function reduces to: 

Catch-at-age data 

Observed age composition of the spawning season catches are assumed to be affected by ageing error. 
Observed and predicted proportions for the older, less abundant ages are pooled into age classes. The 
model estimate of the proportion of the spawning season catch which is of sex s and lies in age-class 

, is defined as: a', P,# 

I a-2 

where min:, is the minimum age included in ageslass a' for sex s, and 

ma:, is the maxinium age included in age-class a' for sex s, and 
Po,, is the fraction of fish of age i which are classified as being of age a. 

Instead of assuming that the age-sex composition data are multinomially distriiuted, we assume that 
the observed proportion of the catch in sex s and age-class a '  is logno~n~lly distributed with variance 
inversely proportional to the expected proportion, i.e.: 

The contribution of the data for year y, sex s and age a to the likelihood is therefore given by: 

where n is the number of age-sex-composition data points considered in the analysis, and the 
summations over year are restricted to those years for which catch-at-age data are available. 

The maximum likelihood estimate of 4 is therefore given by: 

. . 
which when replaced into equation (lI.8) gives: 



Maturity ogive 

Predicted proportions of females mature at each age 

are fitted to the observed proportions in;,, by adding to the negative log-likelihood hct ion the term 

where the parameter q, re-scales the predicted proportions to allow for the fact that not all mature 
females spawn every year and not all prespawning females were on the surveyed grounds in May 
when the information was collected. [RSS-: residual sum of squares] 

Selectivity Ogive 

The age-at-50% selectivity parameters are assumed to be normally distributed about their specified 
mean values (go ). The following term 

is added to the negative log-likelihood function for the prior distributions on these parameters and for 
the priors on the selectivity deviation parameters (I.12). 

Recruitment Variation 

The assumption recruitment residuals are log-normally distributed, with mean 0 and variance 4,  
results in the following term 

being added to the negative log-likelihood function. 


