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EXECUTIVE SUMMARY 

Breen, PA; Andrew, N.L.; Kim, S.W (2001). The 2001 stock assessment of paua (Hafwtis 
iris) in PAU 7. 

New Zealand Fisheries Assessment Report 200V55. 53 p. 

The length-based model used to assess PAU 5B and PAU 7 in 2000 was used to assess the status 
of the PAU 7 stock of paw (Haliotis iris). The assessment used Bayesian techniques to estimate 
model pqrameters and the state of the stock and to predict future states of the stock and their 
uncertainties. Point estimates fiom the mode of the joint posterior distribution were used to 
explore sensitivity of the results to model assumptions and input data; the assessment itself was 
based on posterior distributions generated fiom 10 million Markov chain - Monte Carlo 
simulations. 

The model was revised slightly from the 2000 version by incorporating proper ogives for 
maturity-at-length and for selectivity of fishing, and making technical changes to improve 
performance. The model was applied to five data sets from the main part of PAU 7: standardised 
CPUE, an independent index of relative abundance, length frequencies fiom commercial catch 
sampling and research diver surveys, and tag-recapture data. 

Model results for PAU 7 suggest a stock with high current exploitation rates but with a spawning 
biomass that is likely to remain near its current position at the current catches. The current catch 
level appears to be sustainable, but there remains a high risk of further biomass decline. The stock 
is depleted compared with 1985-87 when the stock appeared to be in a stable and sustainable 
position. Projections suggest that rebuilding to this level will probably take longer than 5 years 
even at 50% of the current TACC. Recruitment in this stock appears to be high compared with 
PAU 5B, and shows no relation with decreased spawning biomass. 

The quantitative conclusions appear to be reasonably robust, based on comparisons of point 
estimates to a variety of trials, two trials using full sets of Markov chain - Monte Carlo 
simulations, and a retrospective analysis. Results appeared sensitive to the weight given to one 
data set; this was explored further and the affected fishery indicators were identified. 

The assessment may be too optimistic: possible mechanisms causing such a result are discussed. 



1. INTRODUCTION 

1 .  Overview 

This document presents a Bayesian stock assessment of paua (Haliotis iris) in PAU 7, which 
includes the northwest coast of the South Island, Tasman and Golden Bays, the Marlborough 
Sounds, Port Underwood to Cape Campbell, and the northeast coast as far south as the Clarence 
River (Figure 1). The assessment is made with a revised length-based model first used in 1999 
for PAU 5B (Breen et al. 2000a), and used again for PAU 5B and PAU 7 in 2000 (Andrew et aL 
2000a, Breen et al. 2000b). This model is driven by reported commercial catches fiom 1974 
through 2001 and is fitted to five sets of data: standardised CPUE, a research diver survey index 
(Andrew et al. 2000b), length frequency data &om commercial catch sampling and from research 
diver surveys (Andrew et al. 2000a), and a set of growth increment data. 

Paua supports a valuable fishery in New Zealand, with totaI annual landings of about 1200 t. 
Legislation requires that New Zealand fisheries be managed so that stocks are maintained at or 
above BUrYi the recruited biomass associated with the maximum sustainable yield (MSY). 
However, Bm is not defined, and Francis (1999) suggested that Bm varies among different 
harvest strategies, which are usually undefined. There is current discussion over how to estimate 
BM. The Ministry of Fisheries w i s h )  advises the Minister of Fisheries whether stocks are at 
or above Bm and whether current TACCs are sustainable and likely to move stocks toward Bm. 

This document describes the data sets used in the assessment and assumptions made in fitting the 
model. It describes the basic fit of the model to the data, and describes how the point estimates of 
model and derived parameters respond to a variety of changes to data sets and other modelling 
choices in sensitivity trials. The posterior distributions of model and derived parameters are 
summarised. Results of forward projections, requested by the Ministry to evaluate alternative 
management options, are summarised. 

1.2 Description of the fishery 

The fishery was summarised by Annala et al. (2000) and in numerous previous assessment 
documents (e-g., Schiel 1989, McShane et al. 1994, 1996, Andrew et al. 2000a). 

2. DATA 

2.1 Catch data 

2.1.1 Commercial catch data 

For the paua fishery throughout New Zealand, recent commercial quotas and reported landings 
were summarised by Annala et al. (2000). These authors also discussed illegal, recreational and 
customary catches. 

Fishery data from PAU 7 were described by Andrew et al. (2000a). For this assessment, we 
limited the data to the same area that has supported independent diver surveys since 1992, which 
comprises statistical areas 17 and 38 (see Figure 1). To do this, we examined the annual 
percentage of the PAU 7 catch reported from these two areas on the CELR forms (Table 1). 
Before 1990, the percentage of the total catch reported on CELR forms was too low to support 



this method, but the percentage of catch fiom outside areas 17 and 38 appeared to be very low. In 
1990 and subsequent years we applied the proportion of areas 17 and 18 catch to the total PAU 7 
catch reported to the Quota Management System (QMS) (Table 1 .) 

The 200041 TACC for PAU 7 was 267.483 t, and 80% of this level of catch was assumed for 
the model year 2001 because the industry had agreed to shelve voluntarily 20% of their catch. 

2.1.2 Other catch data 

Illegal catch was estimated by the Ministry of Fisheries to be 3 t. No historical estimates are 
available so we have assumed this catch to be constant since 1974. We added this estimate to the 
commercial catches used to drive the model (Table 1). 

Recreational catch estimates for PAU 7 (Teirney et al. 1997, Bradford 1998) are based on 
telephone and diary surveys, and were 2 to 7 t in 1992-93. The upper limit of 7 t was chosen and 
was assumed to have been constant since 1974. 

No estimates of customary catches were available for PAU 7, and these catches were not 
addressed by the assessment. 

The allowances of 3 and 7 t for PAU 7 were then reduced by the same proportions discussed 
above for commercial catches, to obtain a total vector applicable to areas 17 and 38 only. The 
catch vector is shown in Table 1. 

Industry and Maori representatives on the Working Group thought that the estimates above were 
too low. Nevertheless, in the absence of data, a constant non-cornmercial catch of 10 t has been 
used in PAU 7 assessment. 

2.2 CPUE 

Although catch rate (CPUE) has problems as an index of abundance (e.g., Breen 1992), the series 
for PAU 7 shows a declining trend. We consider declines that in an index likely to be hyperstable 
will reflect real declines in abundance, which may be steeper than those observed. 

Catch and effort data reported to the Catch and Effort Landing Return (CELR) system were 
standardised with the method of Vignaux (1993) as described by Kendrick & Andrew (2000). 
This was done for all data through the end of the 1999-2000 fishing year. 

The standardisation was done on the natural log of catch per diver day. The variables offered to 
the model were vessel, fishing year, month and statistical area. The order in which variables were 
selected into the model and their effect on the model R~ are shown in Table 2. Month did not 
increase the coefficient of variation substantially and was not used. The model explained 41 % of 
the variation in CPUE. For areas 17 and 38 there were 294 vessel codes and 15 621 records. 
Zero catches were eliminated. Where dive hours were greater than 10 hours or dive days greater 
than 8, these were corrected fiom surrounding entries for the vessel. Where dive hours were 
positive but dive days were entered as zero, a "1" was entered for dive day. Blank vessel codes 
were assigned to a single unique code, and the entry WAA" was assigned to a different unique 
vessel code. 



The year effect (relative to 1994-95 fishing year) was taken as the standardised index of 
abundance. Results are shown in Table 3 and Figure 2. 

2.3 Research diver survey index 

Fishery-independent research diver survey estimates of relative abundance were described by 
Andrew et al. (2000b). Previous assessments used the mean index from timed swims conducted 
in each fishing year. For this assessment we standardised the index with the same approach as for 
CPUE. The standardisation was done on the natural log of the index fiom each swim, which in 
turn was based on the number of paua and the number of patches seen in 10 minutes. The 
variables offered to the model were fishing year, stratum and diver. There were five years 
(Andrew 2000b), five strata (Figure 3) and eight divers. Several records with zero catches had 
" 1" added to the index. This was based on inspection of the remaining data, in which the index 
varied from 1.3 to 806.1 (mean 592). Six of the eight divers were present in all years. 

The year effect was taken as the standardised index of abundance. Results are shown in Figure 4. 
The standardisation model explained 24% of the variation seen in the data, and the standardised 
year effects were very similar to the mean abundance for each year in the raw data. 

2.4 Commercial catch sampling length frequency data 

Length frequencies were measured in samples of shells from the commercial fishery from 1990 
through 1994 and 1999 through 200 1. Proportions-at-length from this commercial catch 
sampling will be shown in discussion of the model fits below. For each year, the samples were 
simply added together. In the previous assessment (Andrew et al. 2000a) the commercial catch 
sampling data were scaled by the size of the catch for each landing, but this has virtually no effect 
on the results (our unpub. data) and so raw results were used in this assessment. 

Inspection of the data from various strata summed across years (Figures 5 and 6) showed that 
paua from the Cape Campbell (area 18) and West Coast (area 36) strata (see Figure 3) tended to 
be larger than those fiom the research diver survey sampling strata, so these were eliminated fiom 
the data set. 

The data sets after removal of the data fiom areas 18 and 36 are shown for each year as 
cumulative frequencies in Figure 7. The most recent year showed the smallest abundance of large 
paua. Each sample was given an effective sample size based on the square root of the number of 
shells measured. 

2.5 Research diver survey length frequency data 

Length fiequencies fiom diver surveys of paua populations, described by Andrew et al. (2000b), 
were availabIe for a variety of years (Tables 4 and 5). Sizes varied between strata (Figures 8 and 
9), so the uneven coverage of strata seen in Table 5 may have contributed to variability in length 
fiequencies between years discussed by Andrew et al. (2000a). We used length frequencies from 
research diver survey sampling only when at least four of the five research strata had been 
sampled - the years 1990, 1993, 1996, 1999 and 2001. Length fiequencies from a survey by 
Schiel(1991) were available for 1989, but were not used because the sample size was too small. 
The data are shown by year as cumulative fiequencies in Figure 10. 



Each sample was given an effective sample size based on the square root of the number of shells 
measured. Proportions-at-length from research diver surveys will be described in discussion of 
the model fits below. 

For several years we had data from both the commercial catch sampling and the research diver 
surveys: the length frequency data sets for these years are compared in Figure 1 1. In alI years, the 
research diver survey length frequencies contained relatively more larger paua and fewer small 
paua than the commercial catch sampling length frequencies. 

2.6 Growth increment data 

In April 2000,2864 paua were tagged at four locations in PAU 7. Paua were collected by divers and 
taken to the surface, where they were measured to the nearest 1 mrn shell length and marked with 
individually numbered plastic tags glued to the shell with cyanoacrylate glue. Paua were then taken 
back to the bottom and individually replaced on the substrate by divers. Of these, 342 were 
recovered just short of a year later and measured.  The growth observed in these animals is shown 
plotted against the initial shell length in Figure 12. One implausible outlier was removed. 

We also used similar observations from a study conducted by McShane and Naylor (unpub. data) in 
the D'Urville Island and Staircase strata. These data are shown, combined with the new data, in 
Figure 13. No outliers were removed from this data set, which we noted did not contain any negative 
increments. 

Because the model represents only paua 70 mrn in length and larger, there is no growth of smaller 
paua in the model's growth transition matrix. We eliminated all records fiom paua tagged at sizes 
less than 70 mm; this left 713 records in the growth increment data set. 

2.7 Maturity data 

Observations on the proportion of paua m-at-length were available from 180 paua from PAU 7 
(R. Naylor, unpub. data). We used simple least squares, weighted by the number of observations, to 
fit a simple ogive to these data (Figure 14). The model fitted was 

where a is the proportion of paua mature in size class s, S, is the length of paua in size class s, and 
the parameters mso and m~ describe the length at which 50% and 95% of paua are mature. The 
values of mso and mg5 estimated fiom the data shown in Figure 14 were 90.85 and 104.97 mm. These 
values were then provided to the model as data. Maturity was not estimated within the model 
because no other data set had any information about these parameters. 



3. OTHER SOURCES OF FISHING MORTALITY 

Sub-legal paua may be subject to handling mortality when removed fiom the substrate to be 
measured. Mortality may result from wounds, desiccation, osmotic and temperature stresses, 
replacement onto unsuitable substrate, and predators. Taylor et al. (1994) reported that 14% of 
paua removed fiom the reef by commercial divers are undersized and are returned to the reef. 
Pirker (1992) reported that 13% of undersized animals captured by a diver in PAU 4 were 
damaged in some way. 

Handling mortality was not addressed in this assessment. 

4. DESCRIPTION OF THE MODEL 

4.1 Overview and model changes 

The model is implemented in AD Model Builderm and was described by Breen et al. (2000b). 
For this assessment, the model was modified as follows. 

The selectivity of research survey divers for paua between 90 and 125 mrn length was modelled 
in 2000 as a straight line between the parameters SgO and SBll, which were the proportional 
selectivity at 90 mrn length and the size at full selectivity. For this assessment, these two 
parameters were changed to SJO and 5'95, which are analogous to the maturity parameters rn~o and 
rn95 described above (Eq 1) and describe a logistic curve. 

The selectivity of commercial divers was assumed to be knife-edged at the minimum legal size 
(MLS) of 125 mrn shell length. 

The relative weights of datasets were adjusted through the assumed standard deviations of the 
CPUE and timed-swim indices and the standard deviation of the growth increments. For length 
frequencies, the relative weight could be adjusted by multiplying each of the effective sample 
sizes by a constant, which was set to 1 in the base case. 

The growth transition matrix was altered to allow negative growth because the code preventing 
negative growth might affect the derivative estimates. The expected growth increment was 
always positive (for animals less .than asymptotic length) or zero (for animals at or above 
asymptotic length), but shriiing could occur because of the standard deviation around the 
expected increment. This change did not have a big effect. 

The code that limits exploitation rate was also changed to ensure that the chain of differentiation 
is not disturbed. The rate of survival fiom fishing was discouraged fiom falling below 0.20 with 
a strong penalty. 

The model is fitted to data using robust techniques to spec* likelihoods and to describe prior 
distributions (see Chen et al. 2001). The model population is initialised and then driven by 
observed catches. Outputs are the present and projected future states of the stock, estimated using 
Bayesian methods. The assessment is based on the marginal posterior distributions of the 
parameters and derived parameters of interest, in turn based.on Markov chain - Monte Carlo 
(MCMC) simulations. 



4.2 Model parameters 

Parameters estimated by the model are: 

WRO) the natural logarithm of average recruitment, 
M the instantaneous rate of natural mortality, assumed to be constant over time and 

paua sizes, 
L, asymptotic length, 
K the instantaneous rate of approach to L,  
Rdev a vector of recruitment deviations modifying the actual model recruitment in 

each year, 
sso the paua size at which research survey divers are 50% effective, and 
s95 the paua size at which research survey divers are 95% effective. 

4.3 Priors, bounds and assumptions 

Bayesian priors were established for all parameters (Table 6). Most were uninformative, 
incorporated simply as uniform distributions with wide upper and lower bounds. Most such 
bounds were arbitrarily set so wide as not to restrict the estimation. 

The prior probability density for M was taken as a Cauchy distribution with mean 0.10 based on 
consideration of the literature for temperate species of abalone (Shepherd & Breen 1992). 

The prior probability density for each Rdev had a mean of zero and arbitrary standard deviation of 
0.40. 

4.4 Biological assumptions 

The length-weight relation was taken fiom Schiel & Breen (1991) and was 

where lk is length (mm) and wk is weight (kg). 

In calculating spawning biomass, it was assumed that maturity was as described by the ogive and 
parameters described in Section 2.7. 

4.5 Forward projections 

The model makes forward projections by using parameter estimates obtained fiom fitting or 
MCMC simulation, and using the dynamics equations in conjunction with specified catch for the 
period of projection (5 years). Projections were made to the beginning of 2006. Projections were 
made, at the request of the Ministry of Fisheries, using the current (2000-01) catch levels and a 
variety of reduced catches. In these projections MLS was not changed. 

After inspecting the relation between estimated spawning biomass and recruitment, and finding 
no relation, we assumed future recruitments with a mean ofR0. For the sensitivity tests, which 
were based on the mode of the joint posterior distribution (MPD), the projections were 



deterministic. In the MCMC simulations, recruitment was stochastic, based on this mean 
modified by the assumed standard deviation for deviations. 

4.6 Model indicators 

In addition to model parameters, derived parameters such as population size and exploitation rate 
were calculated and their posterior distributions summarised. In previous assessments, the 
indicators included virgin recruited and spawning biomass. These are relatively poorly 
determined, as will be shown below. In 2000, we also used Bm, which was estimated with 
deterministic simulations, with no recruitment variability, to determine the equilibrium biomass 
associated with the deterministic estimate. This is a simplistic and arbitrary procedure, 
unlikely to give useful reference levels for a fishery not in equilibrium and subjected to stochastic 
processes. Further, the indicator Bw can have more than one value, depending on the harvest 
strategy (Francis 1999); the harvest strategy for paua is not defined. For the 2001 assessment we 
do not use Bm and BO as indicators. 

To replace the virgin biomass and Bm indicators, we used the mean biomass fiom an arbitrary 
period in which the .fishery appeared to be operating at a sustainable level. We called these 
reference points S, and B, for spawning and recruited biomass respectively. The period from 
which to take these means was chosen after examining various trajectories fiom the results that 
are'described below. We chose the period 1985-87, because: 

in this period, biomass had stabilised after the decline caused by fishing down; 

after this period, biomass (spawning biomass especially) remained relatively stable for nearly 
a decade, although catches and exploitation rates were increasing; 

the exploitation rate during this period was around 30%, while later rates became much 
higher than this and the fishery declined; and 

recruitment immediately before this period had been average, so that the 1985-87 biomass 
was not influenced by unusually weak or strong recruitment. 

The indicators for current and projected recruited biomass, Bol and Bod, were the values for 
recruited biomass in those years. Spawning biomass indicators for the current and projected 
populations were called Sol and SOb and were calculated as the product of the maturity vector and 
numbers in each size class for each year. 

Exploitation rates in 2001 and 2006 were called UO, and Uoa. 

For the sets of MCMC simulations used to compare alternative catch levels in projections, 
additional indicators were the percentages of runs in which spawning biomass decreased, 
recruited biomass decreased, spawning biomass remained less than S,, and recruited biomass 
remained below B,. 

4.7 Assessment procedure 

The MPD estimate served as the starting point for MCMC simulations. Three million simulations 
were made initially, using the MCMC capability of ADModelBuilderm. Of these, 5000 (every 



600th) were saved. Inspection of the traces indicated that this was too short a series, so the 
assessment was based on 5000 samples taken uniformly from a run of ten million simulations. 

The MPD estimates were also used as the basis of comparisons in sensitivity tests made to 
explore sources of uncertainty not incorporated into the assessment procedure described above. 
Sensitivity to the five data sets was examined by removing the data sets fiom the estimation 
procedure one at a time, and then either removing both abundance indices or both length 
frequency data sets. 

Posterior distributions of parameters and indicators formed the basis of the assessment. These 
were summarised by the minimum and maximum values, mean and median values, and 5th and 
95th percentiles of the distributions. The robustness of the assessment was examined further in 
two sets of trials using full sets of MCMC simulations: a retrospective analysis was performed 
using data sets truncated at 1997 through 2000 for comparison with the base case; and two 
sensitivity trials were made with 3 million MCMC simulations each. 

Retrospective analysis is an important diagnostic tool (National Research Council 1998, Quinn & 
Deriso 1999) that can demonstrate bias or model mis-specification. In its traditional form, 
retrospective analysis uses as succession of data sets, starting fiom the most recent and working 
backwards, removing one year's data at a time. 

We compared five such analyses, which included the full data set already described, and then data 
sets that eliminated the 2000, 1999, 1998 and 1997 data for abundance indices and length 
frequencies. We did not eliminate the growth increment data collected in 2000, because we 
already know that the model results are sensitive to the growth increment data. 

Although the sensitivity trials based on MPD estimates suggested that the prior on M had little 
effect (Table 8), this prior is the most important one used in the assessment, and the MPD 
estimate could vary substantially from the posterior distributions obtained under a different prior. 
To test this, we changed the mean of the prior fiom 0.10 to 0.20 and obtained a set of posteriors 
fiom 3 million simulations. 

The MPD sensitivities also suggested that the relative weight on the research diver survey length 
frequency data sets had a large effect on the MPD results (Table 8). We explored this further 
with another set of 3 million simulations. The inputs varied fiom the base case only in the weight 
applied to the research diver survey length frequencies, which was changed from 1 to 3. In the 
projections, current catches were used as in the base case. For each test, we compared the 
posterior distributions of M (see Figure 28), the four ratios SO&, SO6 /SO], BoI/B, and Boa /Bol 
(see Figure 29), and the exploitation rates Uo1 and U06 (see Figure 30). 

At the request of MFish, projections to 2006 were made for five alternative catch levels so that 
their effects on future states of the stock could be explored. The catch levels were the base case 
(SO%), 50%, 60%, 70% and 100% of the current TACC (the current catch is about 80% of the 
current TACC because of voluntary shelving). Projections did not involve changed MLS, 
because the PAU 5B results (see Breen et al. 2000a) suggested that improvements in projected 
stock status from MLS increases were small. 



5. MODEL RESULTS 

5.1 MPD 

The MPD fits of the model to CPUE, the survey index and growth increment data, with their 
normalised residuals, are shown in Figure 15. Fits to the length frequency data are shown in 
Figure 16, and their residuals are shown in Figures 17 and 18. Frequency distributions of all 
residuals are shown in Figure 19. The model's exploitation rates, estimated recruitment and the 
relation between spawning biomass and recruitment are shown in Figure 20. Estimated parameter 
and indicator values are shown in Table 8 under "base case". 

In the MPD fit, the model's recruited biomass index reproduces the general downward trend seen 
in CPUE (Figure 15) but does not reproduce year-to-year variation very well. The model's 
research diver survey index is fitted only generally: the model is apparently incapable of 
reproducing the initial upward and subsequent downward trends (Figure 15). The model cannot 
fit both the CPUE and survey indices because of their different shapes. The fit to tagging data 
(Figure 15) fits the observed increments well, but has a higher L, (155 mm) than would be 
estimated fiom the tag increment data alone (149 rnm), and consequently a lower Brody 
coefficient (0.20 vs 0.23). These differences are considerably smaller than in the previous PAU 7 
assessment (Andrew et al. 2000a). The model exploitation rate is high, near the upper limit of 
0.80 in recent years (Figure 20). 

The fits to both length frequency data sets are reasonably good (Figure 16). For the commercial 
catch sampling data, the model tends to underestimate abundance of the first length class above 
the MLS (126.00 to 127.99 mm) and also to underestimate the relative abundance of larger paua. 
For the research diver survey length fiequency data, a more complex but systematic pattern is 
seen (Figure 16). The abundance of paua just below the MLS is underestimated; that of those just 
above the MLS is overestimated, and the larger paua are again underestimated. 

Part of this pattern for the research data may be caused by the difference between the two data 
sets for paua above the MLS (see Figure 11). For both sets, however, the model appears unable 
to reproduce fully the steep decline in abundance of paua just above the MLS - this may be 
because the model is limited in its maximum exploitation rate to values near 0.80. For both 
length frequency data sets the model also underestimates the abundance of large paua but this has 
several possible explanations, for instance larger paua may be less vulnerable to divers through 
habitat choice; alternatively the length distribution data may come fiom mixtures of paua in 
different parts of PAU7, with some areas having faster growth or lower exploitation than others 
with exploitation rates as high as the model estimates, there would not be many large paua. 

Some systematic problems with fitting to length frequencies are seen clearly in the residuals 
(Figures 16, 17 and 18). The model tends to underestimate proportion-at-length for the first 
length class above the MLS in commercial catch sampling length frequency data. It 
underestimates proportion-at-length for several length classes below MLS, and overestimates for 
several length classes just above the MLS, in the research diver survey length frequency data. It 
underestimates proportion-at-length for the largest length classes in both length frequency data 
sets. 

We calculated the standard deviation of the normalised residuals for each data set and for the 
Rdevs (Table 7). For the survey index and for tag returns, these were reasonably close to 1. For 
other data sets they were smaller. The distribution of residuals for the tag data sets (Figure 19) 



was slightly skewed for tag returns, and was symmetric but sharply peaked for the length 
frequencies. 

Recruitment in the model was estimated to be higher than average during the mid-1980s and 
again during the late 1990s (Figure 20). However, the scale of recruitment variation is small: 
recruitment varied by a factor of about 2 over the period modelled, and the largest& was only 
0.32. Recruitment plotted against the model's spawning biomass shows variable recruitment at 
low spawning biomass levels, higher recruitment at intermediate levels and medium recruitment 
at the highest estimated biomass observed. This pattern can be interpreted as a flat relation, 
especially considering that the period of best data had relatively low spawning biomass. There is 
no suggestion of declining recruitment related to declining spawning biomass, the pattern that 
was seen in PAU 5B (Breen et al. 2000b). It is possible that the pattern seen in Figure 20 reflects 
a Ricker stock-recruit curve, but better data would be required to support this. 

The MPD fit suggests (Table 8) that recruited biomass in 2001 was 280 t, 9% ofBO, and that 
spawning biomass was 1000 t. 

5.2 Sensitivity 

Sensitivity trials on the MPD results are shown in Table 8. Only the MPD results are compared; 
these must be treated with caution because the shape of posterior distributions could differ 
between cases despite the MPDs being similar, and conversely. Sensitivity to two assumptions 
were explored further by comparing posteriors, and these will be described below. 

Results from the MPD fit described above are termed the "base caseyy. Data sets were removed 
one at a time, and the model fitted to the remaining data. Of the five data sets, only the tag data 
set had much effect on the results, as demonstrated by a change in results when it was removed 
(Table 8). The estimated L, increased and K decreased; biomass estimates increased and 
exploitation rate decreased. Sensitivity of the assessment to growth rate was identified in the 
previous PAU 7 assessment (Andrew et al. 2000a), leading to the collection of additional growth 
increment data described above. 

Removal of both abundance indices, and of both length frequency data sets, had little effect on 
the MPD results, except that current recruited biomass doubled (and exploitation rate was thus 
halved) in the latter trial. 

Changes to the fitting procedure led to increased estimates ofM but had little other effect. In the 
first trial, the fat-tailed t distribution was replaced with an ordinary log-normal likelihood for 
fitting CPUE and the survey index. In the second, the Cauchy distribution for specifying prior 
probabilities was replaced with ordinary likelihoods. In the third, these changes were made 
together. All alternatives to the base case gave more optimistic assessments, but the effects were 
slight (Table 8). 

The relative weights of data sets were changed in sensitivity trials. The effective sample sizes for 
length fiequency data sets were increased by multiplying each year's sample size by 3, for the 
commercial catch sampling and research diver survey length frequency data sets separately and 
then together. Increased weight on the research diver survey data set led to substantial change: M 
increased to very high values, BO decreased and other biomass estimates increased, leading to a 
much more optimistic assessment of the current state of the stock. Increasing the relative weight 
given to the abundance indices, by decreasing their assumed c.v.s, had no such effect. 



Finally, changing the mean of the prior on M fiom 0.1 to 0.2 had almost no effect on the MPD 
estimates. 

5.3 Marginal posterior distributions and assessment results 

Sequential trends of the 5000 parameter values for estimated and derived model parameters 
(Figure 21) showed variation without much pattern over the ranges observed. No parameter 
except S95 was near its bounds. The long-term pattern in ln(R0) and M prompted us to complete 
10 million instead of 3 million simulations. No pattern was apparent in traces for other 
parameters. 

Posterior distributions for the major parameters and indicators are shown in Figure 22 and 
summarised in Table 9. Most of the base case MPD point estimates of model parameters were 
reasonably close to the median of the posterior distribution. The median forM was higher than 
the MPD estimate (0.13 vs 0.10), and for current exploitation rate was lower than the MPD (0.71 
vs 0.80). 

The posterior distribution of the trajectory of recruitment deviations (Figure 23) shows only a 
weak trend towards higher than average recruitment in the mid-1980s and late 1990s, and shows 
much variation fiom this trend. Trajectories of recruited and spawning biomass (Figure 24) show 
greatest uncertainty in the earliest years modelled, before there were data, least uncertainty for the 
years with the most data, and progressively increasing uncertainty in projections. 

Projections at the current catch and MLS (Table 9) indicated a median expectation for recruited 
biomass to increase over the next 5 years at current catch levels (median 13 I%, 5th and 95th 
percentiles 74-21 I%), and for spawning biomass to remain near its current level (103%, 75- 
146%). 

5.4 Retrospective analysis 

We first compared the MPD trajectories of recruited and spawning biomass fiom each of the five 
fits (Figure 25). These lay close together. For spawning biomass, results fiom the individual data 
sets were hard to distinguish. 

We then compared the medians of trajectories fiom 3 million MCMC simulations fiom each data 
set, and their 5th and 95th percentiles (Figures 26 and 27). For recruited biomass, the median 
trajectories lay close together except for the early years (1973 through 1981) for which 
considerable variation became apparent among the data sets (Figure 26). This illustrates how 
poorly determined the indicator BO is, and contributed to our decision not to use it as an indicator. 
The 5th percentile showed the same pattern, with less variation in the estimate of BO. The 95th 
percentile showed little variation in BO, but showed some variation in recent estimates. 

For spawning biomass, the median and 5th percentile trajectories lay very close together (Figure 
27). The 95th percentile showed considerable variation in two data sets, which was caused by 
short-lived 'excursions' of parameters during the MCMC simulations. 

Overall, the retrospectives do not suggest that bias or model mis-specification are problems with 
this assessment, particularly for the parameters used as indicators of stock status. 



5.5 Sensitivity analyses based on MCMC 

In both trials the posterior distribution ofM was substantially different from the base case (Figure 
28). The altered prior resulted in a more symmetric distribution around the mean, 0.20, 
suggesting that the data have little information about M. However, the altered weight. on 
research length frequencies led to a wide posterior with a mode near 0.40 and almost no overlap 
with the base case. This posterior distribution ofM is not credible, but the result suggested some 
potential sensitivity of other results to arbitrary relative weights placed on the various data sets. 

Despite this, the four ratio indicators do not show marked sensitivity to the two changes made 
from the base case (Figure 29). The ratio of spawning biomass to the 1985-87 reference shows 
the mode shifted slightly to the right in both trials, and some differences in the right-hand limb. 
SodSol and Bol/Bm show similar patterns with less change; onlyBo6/Bol shows substantial change. 
For this indicator the mode shifted to the right in both trials and, in this case, the whole posterior 
is shifted rather than just the right-hand limb. This indicates that the indicatorBo6 /Bol is not 
robust to these modelling choices, whereas the others appear to be. The base case appeared to be 
more conservative than the other two trials. 

The current and projected exploitation rates UOI and U06 (Figure 30) show substantial sensitivity 
to the trial in which the relative weight on research length frequencies was changed. This is to be 
expected given the marked change in the M posterior from this trial. When the prior on M was 
changed, current and projected exploitation rates were both shifted downwards, and the 
prevalence of exploitation rates on the upper bound in projections was greatly diminished. 

This set of trials suggested that the prior on M has a strong influence on some indicators, 
particularly the exploitation rates, and that the relative weights on data sets also have a strong 
influence on some indicators. The indicators that compare current biomass with the reference 
biomass from 1985-87 appear to be robust. Projected spawning biomass appears to be robust, 
but projected recruited biomass and both current and projected exploitation rates were sensitive to 
M and especially to relative weights on the data. 

5.6 Model projections with alternative catches 

Stochastic projections were made with five catch levels, from the full TACC to a 50% reduction 
in the full TACC. Projected exploitation rate decreased as catch level decreased: Figure 3 1 shows 
the mean and the 5th and 95th percentiles from the posterior distributions at each level. The 
mean (5th, 95th percentiles) expectation with the current catch is 57% (30-80%); this diminishes 
to 42% (2473%) at 70% of the TACC and to 29% (1 845%) at 60% of the TACC (Table 10). 

Projected spawning biomass, compared with current spawning biomass, increased as catch level 
decreased. Only a slight increase to 106% (75-146%) is expected at the current catch. The 
percentage of runs with decreases in spawning biomass is 44% at the current catch level, 
decreasing to 5% at 50% of the TACC. The risk of further declines in recruited biomass drops 
even faster with decreasing catch. 

Table 10 shows other indicators, such as projected biomass compared with the reference period 
1985-87. These suggest that rebuilding to the reference levels would take longer than 5 years 
even if catch were reduced to 50% of TACC. 



6. DISCUSSION 

For PAU 7, the current model provided a reasonably robust assessment of the stock, with some 
qualifications based on the relative weights of data sets. The assessment and sensitivity trials 
suggest a stock with high current exploitation rates, with a spawning biomass likely to remain 
near its current position at the current catches. The TACC and the current catch level (they are 
different because of voluntary shelving) appear to be sustainable, but only if the current high 
exploitation rates are maintained. 

The stock is depleted when compared with the arbitrary reference levels, based on a period when 
the stock appeared to be in a stable and sustainable position. Projections suggest that rebuilding 
to this level will probably take longer than 5 years even at 50% of the current TACC. 

Unlike PAU 5B (Breen et al. 2000b), recruitment in this stock appears to be high, and shows no 
decrease with reduced spawning biomass. The only stock-recruit relation for abalone was 
suggested by Shepherd & Partington (1995), whose data suggested a Ricker-type curve with a 
very steep left-hand portion, in turn suggesting populations vulnerable to rapid recruitment 
overfishing at low spawning stock sizes. The relation seen in this stock (see Figure 20) could be 
interpreted as a Ricker-type relation, but the evidence for a dome-shaped relation is weak. 

The quantitative conclusions appear to be robust, when MPD estimates are compared, to 
inclusion or exclusion of each of the five data sets used, to the fitting procedure, and to other 
modellhg choices except the relative weight given to research length frequencies. M is not 
sensitive to the relative weights given to the commercial catch sampling length frequencies, nor 
to the abundance indices, nor even to the exclusion of the research diver survey length 
frequencies (Table 8). 

The retrospective analysis was positive, showing no evidence of bias or modelmis-specification. 
Sensitivity trials made with MCMC simulations tested the effect of the prior onM and the weight 
'applied to research length frequencies, and identified some indicators that were sensitive while 
others were robust. This type of testing is important so that robust indicators can be identified. 
Our results suggest that prefishing biomass is too poorly determined (see the uncertainty in the 
early years of population trajectories in Figure 24 and the uncertainty in the retrospective analysis 
in Figure 26) to be used in indicators. They suggest that projected spawning biomass is a good 
indicator, but that projected recruited biomass is not. This is perhaps a result of the currently high 
exploitation rate, with its uncertainty: the current recruited biomass is highly dependent on 
recruitment, which is fished down quickly. Indicators using the reference of 1985-87 were 
robust in all analyses. 

Chosen fishery indicators were projected over five years under five different catch levels. These 
projections should provide industry and managers with the information they require to evaluate 
alternative options, once they decide on criteria for required future population performance. In all 
situations, lower catch levels increase the chance and speed of rebuilding. 

The model assumes that PAU 7 is a unit stock, that paua have the same growth and mortality 
characteristics in all parts of the stock, and that CPUE responds to abundance as if abundance 
were homogeneous within the modelled area. These are obviously oversimplifications. Growth, 
for instance, is likely to vary over small distances (Day & Fleming 1992). Differences in growth 
over small scales may explain why the model shows systematic problems in fitting to length 
frequencies, and especially why it consistently underestimates the small abundance of large paua. 
One obvious explanation is that large paua come from part of the stock with fast growth. An 



alternative explanation might be that some large paua are left behind when paua density in an area 
has been reduced to non-commercial levels. Such paua could be vulnerable to research divers 
but functionally protected from the commercial fishery by reason of their low density. Karpov et 
al. (1998) described a refuge in depth for red abalone in California that may effectively be a 
similar mechanism. The effect of such small-scale variability on model results, apart fkom 
degrading the fits, is unknown. Any attempt to reduce the assumed model stock size and to 
include more biological realism will encounter problems with fishery data, which have been 
collected at larger scales. 

It is possible that the model results are overoptimistic. This could arise fiom several sources. 
Hyperstability in CPUE is possible - this is widely recognised as a problem by abalone scientists 
(see Breen 1992) - but perhaps unlikely in recent years because of the high exploitation rates. If 
the decline in abundance were steeper than the decline in CPUE, then model results are too 
optimistic. 

Serial depletion, the main cause of hyperstability in CPUE, could also cause model results to be 
too optimistic. If some of the historical catches came fiom areas now unproductive because of 
local recruitment failure through Allee effects, productivity will be overestimated. Serial 
depletion could also have caused commercial catch sampling length frequencies to show less 
change than was actually present in the population, although again this may be unlikely because 
of the high exploitation rates. 

Although the model results suggest no problem with recruitment, current spawning biomass is 
lower than previously observed. If there were a stock-recruit relation, especially of the Ricker 
type, then the stock could be close to the steep left-hand limb, down which a slide into 
recruitment failure would be a danger. 

In contrast with PAU 5B (Breen et al. 2000b), PAU 7 shows abundant paua below the MLS, 
apparently good recruitment and reasonably fast growth. These attributes combined suggest that 
rebuilding toward more sustainable levels will be relatively rapid under the assumptions of the 
model. 
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Table 1: Catch data used in the PAU 7 assessment. Years are named after the second part of the 
fshing year, viz "1986" refers to the fishing year 1985-86. The first column shows the QMS 
or FSU catch, to which 10 t has been added for recreational and illegal catches (see text). 
The second column shows the percentage of QMS catch captured by the FSU or CELR 
system. The next column shows the percentage of the catch reported from areas 17 and 38. 
The final column shows the catch vector used by the model, the product of columns 2 and 4 
for years 1990 through 2000. 

Year QMS CELRJQMR areas Areas 17+38 
catch (kg) 17+38 catch (kg) 

1974 157 440 

Table 2: The order in which variables were selected into the model of CPUE for PAU7 and their 
cumulative effect on the model &. 

Variable Model & 
Vessel 0.377 

Fishing year 0.409 
Statistical area 0.412 



Table 3: CPUE index (relative to 1995) year effects from the procedures described in the text. 
Dashes indicate no data. 

Table 4: Numbers of research diver timed-swims in research diver surveys in each stratum in 
PAU 7. 

Year CPUE 
1974 

Stratum 1993 1995 1996 1999 200 1 
Rununder 32 4 44 40 32 
D'Urville 29 0 24 40 40 

Nth Faces 28 30 0 3 8 32 
Perano 30 0 30 40 32 

Staircase 0 4 6 10 9 



Table 5: Numbers of paua measured in each research diver suwey, by year and stratum. 

Stratum 1983 1990 1992 1993 1995 1996 1999 2001 
Durville 20 335 1717 1623 2 078 1 679 

Northern Faces 526 63 2829 1716 1 162 
Perano 616 694 677 663 583 

Rununder 53 786 1 135 106 785 693 657 
Staircase 128 492 491 530 432 

Table 6: PAU 7 model parameters and their priors and bounds. 

Model parameters Definition Priors and bounds 
In(R0) Natural log(average recruitment) uniform, 5,50 

- M 

La 
K 

S50 
S95 

Rdevs 

Natural mortality - Cauchy with mean 0.1, 
bounds 0.01,0.50 

asymptotic length uniform, 100,250 
Brody's coefficient uniform, 0.01,0.80 
Size at 50 research diver selectivity uniform, 70,125 
Size at 95 research diver selectivity uniform, 70,125 

normal with mean 0.0, std. dev. 0.4, 
bounds -2.3,l 

Table 7: Standard deviation of standardised normal residuals from the base case MPD fit to the data. 
RSD1:- Research diver survey index, CCSLF: commercial catch sampling length 
frequencies, RDSLF: research diver suwey length frequencies. 

CPUE RDSI CCSLF RDSLF taes 
stdev of SNRs 0.553 0.807 0.227 0.237- 1.043 



Table 8: MPD results from the base case (column 2) and from sensitivity trials described in the text. The bottom portion of the table shows the negative 
log-likelihood contributions from the five data sets, the priors and the penalty on exploitation rate. RSDI: Research diver survey index, CCSLF: 
commercial catch sampling length frequencies, RDSLF: research diver survey length frequencies. The table shows parameters defined in Table 6, 
exploitation rate, U, spawning biomass, S and recruited biomass, B, for the periods 1985-87 "av", 2001 "Ol", and 2006 "06". 

CCSLF wi, sigma sigma CV M prior 0.2, 
base no no no no no no no RDSLF wt CPUE .RDSI CCSLF wt, RSDLF wt 

parameter case CPUE RDSI neither CCSLF RDSLF neither tags fattail cauchy neither (3,l) (1,3) (3,3) 0.1 0.1 (1,1) (3,l) (3,3) 

In(R0) 
M 

Linf 
K 

S50 
S95 

Max(Rdev) 
BO 
Bo1 

B0l/B00 
SO 
so1 

SOI/SOO 
UOI@) 80 80 75 80 80 80 38 38 80 79 79 78 60 58 80 80 80 78 60 58 

Likelihoods 
CPUE 20.59 0.00 19.97 0.00 20.66 20.45 19.41 20.04 -6.33 19.74 -6.60 20.25 19.73 19.93 24.94 20.52 20.63 20.25 19.73 19.93 

IS 6.41 6.45 0.00 0.00 6.41 5.92 5.86 6.43 -0.92 6.60 -0.83 6.71 7.13 7.07 6.53 10.62 6.40 6.71 7.13 7.07 
catch LF -224.2 -224.4 -224.8 -224.4 0.0 -224.1 0.0 -228.7 -224.7 -224.9 -224.9 -209.4 -226.1 -213.7 -224.2 -224.1 -224.2 -209.4 -226.1 -213.7 

research LF -247.5 -247.6 -249.0 -248.0 -247.5 0.0 0.0 -252.8 -248.5 -249.2 -249.2 -249.1 -238.2 -238.3 -249.1 -246.5 -247.4 -249.1 -238.2 -238.3 
tags 2104.0 2104.0 2104.2 2104.0 2103.9 2103.9 2103.8 0.0 2104.1 2104.3 2104.3 2105.3 2104.7 2106.1 2104.2 2104.0 2104.0 2105.3 2104.7 2106.1 

priors -2.10 -2.14 2.14 -2.14 -2.16 -2.19 -2.24 -2.24 1.71 0.63 0.63 2.74 5.03 5.25 3.11 -2.12 -3.14 3.63 5.95 6.17 
Rdevs 2.35 2.48 1.10 2.72 1.34 2.40 0.52 1.32 1.03 1.08 1.05 1.24 4.48 5.09 1.90 2.14 2.47 1.23 4.48 5.09 

Upenalty 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
f 1659.5 1638.8 1653.6 1632.2 1882.6 1906.3 2127.3 -455.9 1626.5 1658.3 1624.4 1677.8 1676.8 1691.4 1667.5 1664.6 1658.7 1678.7 1677.7 1692.3 



Table 9: Summary of the marginal posterior distributions derived from the base case. The columns 
show the minimum value observed in 5000 samples from ten million MCMC simulations, the 
maximum value, the 5th and 95th percentiles, the mean and the median values. The table shows 
parameters defined in Table 6, exploitation rate, U, spawning biomass, S and recruited biomass, B, 
for the periods 1985-87 "av", 2001 "Ol", and 2006 "06". All biomasses are in tomes. 

Parameter Min Max 5 95 Mean Median 

ww) 14.06 15.25 14.19 14.9 1 14.51 14.49 
M 0.09 0.22 ' 0.10 0.18 0.13 0.13 

Linf 149.5 167.9 152.5 160.4 156.2 156.0 
K 0.16 0.24 0.18 0.22 0.20 0.20 

S50 77.29 106.06 94.39 102.97 98.96 99.10 
S95 99.65 125.00 108.29 123.71 1 16.25 116.35 
f 1 659.5 2 564.0 1 670.9 1 722.4 1 685.4 1 677.4 

UOI(%) 0.38 0.91 0.54 0.84 0.70 0.7 1 
UobeA) 0.18 0.80 0.3 1 0.80 0.57 0.56 

SOI&&) 54.3 131.5 65.8 97.9 80.1 79.0 
SOI~SXA) 35.2 227.4 54.7 124.6 85.1 82.4 
SO&OI@) 51.4 287.1 75.1 146.0 106.0 103.0 
BOI&&A) 27.9 81.3 36.7 60.4 47.1 46.2 
BadBodW 47.9 3 04.9 73.6 . 211.0 130.8 125.3 



Table 10: Indicators from 5-year projections made with different levels of total catch as shown. The table shows exploitation rate, U, spawning 
biomass, S and recruited biomass, B, for the periods 1985-87 "av", 2001 "0lW, and 2006 "06". 

ProjCatch 277.5 
mean 
74.6 
78.7 
98.5 

102.2 
58.0 
86.7 
56.5 
98.3 

224.5 
0.05 0.95 mean 
49.4 80.0 57.1 
52.6 115.0 85.1 
68.7 137.6 106.0 
67.2 161.6 130.8 

44.2 
77.4 
27.4 
91.7 

195 
0.05 0.95 mean 0.05 0.95 
30.7 80.0 41.6 23.5 73.3 
54.7 124.6 91.4 59.7 131.1 
75.1 146.0 113.8 82.7 154.1 
73.6 211.0 159.6 91.4 242.1 

28.7 
68.8 
8.6 

82.5 

166.5 
mean 0.05 
29.0 18.0 
98.0 66.6 

122.2 91.8 
190.5 123.8 
14.3 
58.1 

1.2 
67.9 

139.5 
0.95 mean 0.05 0.95 
45.1 20.7 13.7 29.8 

137.4 104.3 73.3 143.6 
162.0 130.2 100.3 169.5 
272.3 220.0 154.5 301.8 

4.7 
46.2 

0.0 
49.0 



Figure 1: Boundaries of PAU 7 and its included statistical areas. 

Year 

Figure 2: Raw CPUE (kg/vessel-day) (solid diamonds) and standardised CPUE (line) with 95% 
confidence intervals for each year. 



Northern Faces 

Figure 3: Research diver survey strata in PAU 7. The West Coast stratum, not shown, comprises 
all of PAU 7 (see Figure 1) to the south and west of Cape Farewell. The Cape Campbell stratum, 
not shown, comprises all of PAU 7 to the south and east of Cape Campbell. 
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Figure 4: Year effects, with their 95% confidence interval, from research diver survey 
abundance indices. 
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Figure 5: Commercial catch sampling length frequencies, all years aggregated, plotted for each 
research diver survey stratum from which they came. 
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Figure 6: Commercial catch sampling length frequencies, all years aggregated, plotted as 
cumulative frequencies for each research diver survey stratum from which they came. 
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Figure 7: Commercial catch sampling length frequencies from all strata aggregated but with 
West Coast and Cape Campbell strata omitted, plotted as cumulative frequencies for each year. 
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Figure 8: Research diver survey length frequencies, all years aggregated, plotted for each 
research diver survey stratum (see Figure 3) from which they came. 
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Figure 9: Research diver survey length frequencies, all years aggregated, plotted as cumulative 
frequencies for each research diver survey stratum from which they came. 
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Figure 10: Research diver survey length frequencies, all strata aggregated, plotted as cumulative 
frequencies for each year. 
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Figure 11: For years with both types of length frequency, cumulative frequency distributions 
from the commercial catch sampling (line with squares) and research diver surveys (solid line). 
Only lengths above 125 mm have been used. 



New Growth data 
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Figure 12: Observed (crosses) and predicted (squares) growth increments versus initial length for 
paua tagged in April 2000; all areas combined. 

All data 
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Figure 13: Observed (crosses) and predicted (squares) growth increments versus initial length for 
paua tagged in all PAU 7 tagging experiments. 
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Figure 14: Observed (diamonds) and predicted (line) proportion maturity-at-length. 
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Figure 15: Results from the base case MPD fit for PAU 7. A: Observed (squares) and predicted 
(solid l i e )  CPUE; B: CPUE residuals (plotted as predicted minus observed); C: observed 
(squares) and predicted (solid tine) research diver survey index; D: research diver survey index 
residuals (plotted as predicted minus observed); E: observed (small squares) and predicted 
(larger squares) length increments; F: growth increment residuals (plotted as predicted minus 
observed). 
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Figure 16: Observed (bars) and predicted (lines) length frequencies from commercial catch 
sampling (left) and research diver surveys (right). The number under the year is the effective 
sample size. 



Figure 16 (cont): Observed (bars) and predicted (lines) length frequencies from commercial 
catch sampling (left) and research diver surveys (right). The number under the year is the 
effective sample size. 



Figure 17: Length frequency residuals (plotted as predicted minus observed) from commercial 
catch sampling (left) and research diver surveys (right). The number under the year is the 
effective sample size. 



Figure 17 (cont): Length frequency residuals (plotted as predicted minus observed) from 
commercial catch sampling (left) and research diver surveys (right). The number under the year 
is the effective sample size. 



Figure 18: Means of all length frequency residuals (plotted as predicted minus observed) vs 
observed length from commercial catch sampling (left) and research diver surveys (right). 

Figure 19: Frequency distributions of length frequency residuals (plotted as predicted minus 
observed) vs observed length from commercial catch sampling (upper left) and research diver 
surveys (upper right), and from growth increment data (lower left). 
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Figure 20: A: Results from the base case MPD fit. A: exploitation rate, B: recruitment, C: 
recruitment plotted against spawning biomass two years earlier. 
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Figure 21: Values of model parameters and derived parameters during MCMC simulations. 
Each plot shows the values plotted in the order that samples were taken - one sample was taken 
every 2000 simulations from ten million runs. 



Figure 21 (cont.): Values of model parameters and derived parameters during MCMC 
simulations. Each plot shows the values plotted in the order that samples were taken - one 
sample was taken every 2000 simulations from ten million runs. 



Figure 22: Posterior distributions of model parameters estimated from 5000 samples taken from 
ten million MCMC simulations. Only the first two Rdevs are shown. 



Figure 22 (cont): Posterior distributions of derived parameters estimated from 5000 samples 
taken from ten million MCMC simulations. 
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Figure 23: The trajectory of Rdevs. For each year, the figure shows the median (bold dot) and 
5th and 95th percentiles of the posterior distribution. 
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Figure 24: Trajectories for spawning (upper) and recruited (lower) biomass. For each year the 
figure shows the median (horizontal bar), the 25th and 75th percentiles @ox) and 5th and 95th 
percentiles (whiskers) from the posterior distribution. The open box shows the years that were 
averaged as a new reference point. 
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Figure 25: Recruited (upper) and spawning (lower) biomass trajectories from the MPD estimates 
in a retrospective analysis. The key refers to data sets labelled by the last of data they include. 
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Figure 26: Recruited biomass trajectories from 5000 samples taken from 3 million MCMC 
simulations in a retrospective analysis. The key refers to data sets labelled by the last of data 
they include. The figure shows the median (centre) and 5th (lower) and 95th (upper) percentiles. 
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Figure 27: Spawning biomass trajectories from 5000 samples taken from 3 million MCMC 
simulations in a retrospective analysis. The key refers to data sets labelled by the last of data 
they include. The figure shows the median (centre) and 5th (lower) and 95th (upper) percentiles. 

500 - 

0 - " " " " " " " " " " " " " " '  
1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 

Year 



b a s e  - - - prior 
- LF2 wt 

Figure 28: Estimates of the posterior distribution for M estimated from 5000 samples from 3 
million MCMC simulations. The "base" refers to the base case data set; "prior" refers to a data 
set with the mean of the prior for M changed from 0.10 to 0.20, and "LF2wt" refers to a data set 
in which the research diver survey length frequency data set was given twice the weight used in 
the base case. Areas beneath the curves appear different because of different bin sizes used in 
plotting. 
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Figure 29: Estimates of the posterior distribution for the four fshery indicators listed, each 
estimated from 5000 samples from 3 million MCMC simulations. The "base" refers to the base 
case data set; "prior" refers to a data set with the mean of the prior for M changed from 0.10 to 
0.20, and I1LF2wt" refers to a data set in which the research diver survey length frequency data 
set was given twice the weight used in the base case. Areas beneath the curves may appear 
different because of different bin sizes used in plotting. 
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Figure 30: Estimates of the posterior distribution for the two fuhery indicators listed, each 
estimated from 5000 samples from 3 million MCMC simulations. The "base" refers to the base 
case data set; "prior" refers to a data set with the mean of the prior for M changed from 0.10 to 
0.20, and "LF2wtW refers to a data set in which the research diver survey length frequency data 
set was given twice the weight used in the base case. Areas beneath the curves may appear 
different because of different bin sizes used in plotting. 
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Figure 31: Results of 5-year forward projections made from the parameter vectors in 5000 
sam~les from ten million MCMC simulations. Each figure shows an indicator plotted against 
fouidifferent levels of total catch. The indicators are &iploitation rate in 2006 (upper), the ratio 
of spawning biomass in 2006 to current spawning biomass (upper middle), the probability that 
spawning biomass in 2006 would be less than in 2001 (lower middle), and the probability that 
recruited biomass 2006 would be less than in 2001. 


