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EXECUTIVE SUMMARY 

Andrew, N.L., Breen, P.A., Naylor, J.R., Kendrick, T.H., & Gerring, P.K. 2000: Stock 
assessment of paua (Haliofis iris) in PAU 7 in 1998-99. 
New Zealand Fisheries Assessment Report 2000/49. 40 p. 

A length-based model was used to assess the status of the PAU 7 stock. The assessment used 
Bayesian techniques to estimate model parameters, the state of the stocks, future states of the 
stocks, and the variability of estimates. Bayesian point estimates were used to explore 
sensitivity of the results to model assumptions and the data used as input; the assessment is 
summarised as marginal posterior distributions generated from Monte Carlo-Markov Chain 
simulations. 

The assessment used five data sets: standardised CPUE, an independent survey index of 
relative abundance, length frequencies from catch sampling and population surveys, and a tag 
return data set. The assessment indicates a stock below B,, in which recruited biomass may 
decline further at the current level of catch. There was no evidence that spawning stock 
biomass will similarly decline over the next five years. The four data sets estimating relative 
abundance and size-structure of the population appear to contain similar information about the 
stock, but these data appear to be inconsistent with the growth increment estimates. The 
leverage contained in the growth information suggests that the assessment cannot be 
considered robust. Better estimates of growth are required for PAU 7. 



1. INTRODUCTION 

1.1 Overview 

Paua (Haliotis iris) supports a valuable fishery in New Zealand, with annual landings of about 
1200 t. Legislation requires that New Zealand fisheries be managed so that stocks are 
maintained at or above B,, the biomass associated with the maximum sustainable yield 
(MSY). The Ministry of Fisheries (Wish) annually advises the Minister of Fisheries whether 
stocks are at or above B,, and whether current TACCs are sustainable and likely to move 
stocks toward Bw The recently completed assessment of PAU 5B (Andrew et al. 2000% 
2000b, Breen et al. 2000b, Kendrick & Andrew 2000) concluded that the current TACC was 
not sustainable. Here we report the assessment for PAU 7, using analogous data and the same 
assessment model structure. 

1.2 Description of the fishery 

The fishery has been sumrnarised by Annala et al. (1999) and in annual stock assessment 
documents (Schiel(1989), and see McShane et al. (1994% 1996) for recent summaries). The 
fishery is centred on the outer Marlborough Sounds, although paua are also caught on the 
west and east coasts of the South Island (Figure 1). 

I .3 Literature review 

The scientific literature on the population biology and fisheries for paua was reviewed by 
Schiel (1991) and McShane et al. (1994a, 1994b, 1996). The biology of paua was also 
reviewed by Sainsbury (1982) and Schiel & Breen (1991). Stock assessment methods for 
abalone fisheries worldwide were reviewed by Breen (1992). 

2. DATA USED IN THE ASSESSMENT 

2.1 Fishery independent surveys 

2.1 .I Methods 

Fisheries independent estimates of relative abundance were made using a timed-swim method 
modified from that described by McShane & Naylor (1995), as described by Andrew et al. 
(2000% 2000b). Using the research strata determined in previous surveys, the coastline in 
PAU 7 was divided into five strata (Figure 2); each stratum was subdivided into 250 m strips, 
each of which was considered a potential sampling site. The boundaries of the strata were 
determined in 1992 to encompass coastline containing paua habitat fiom which most of the 
commercial catch is taken (this information was determined from interviews with experienced 
paua divers and preliminary surveys). Areas outside the chosen strata had unsuitable habitat, 
such as sandy beaches or steeply sloping reef, were inaccessible, or were considered by paua 
divers to support too few paua to be commercially viable. Each year, sites were randomly 
selected within strata. If a randomly chosen site contained unsuitable habitat, it was 
permanently discarded from the list of potential sites and another chosen. 

Two 10 minute searches were done at each site. In each search, the relative abundance of paua 
found in the open on the reef (typically animals of >80 mm) was estimated by counting 
patches of paua (Andrew et al. 2000a). Paua were considered to be in the same patch if they 



were separated by less than two body lengths. Before 1997 only the patch category was 
recorded. Because paua usually occur in shallow habitat, divers searched reef in less than 
10 m of water. Divers used surface-supplied air which limited the search area to a 100 m 
radius described by the air hose. Divers searched non-overlapping areas on either side of the 
vessel and searched 'optimally' within the site by seeking to maximise the number of paua 
found. 

Before 1997, the number of paua encountered per 10 minute search was calculated as the 
product of the frequency of each patch category, and the midpoint of that category summed 
across all patch categories (McShane 1995). In 1998-99, the number of paua in patches with 
less than 21 paua was directly estimated and the mid-point of the patch category was used 
only for patches with more than 20 paua (Andrew et al. 2000a). This change does not 
introduce bias among years in searching time because, in practice, the number of paua in 
patches with less than 21 paua were counted in previous years, but not recorded. 

Estimates of the mean number of paua per timed-swim have not been scaled to account for 
differences in searching time (Andrew et al. 2000a). Data are presented as means f95% 
bootstrapped confidence intervals. The bootstrapping was done in S-PLUS by replicating the 
structure in the data (replicate counts paired within sites and sites grouped within strata). 

2.1.2 Results 

Not all research strata were surveyed in all years (Table I), nor was the same number of timed 
swims done across strata or years. In 1992-93 surveys were not done at the Staircase, and in 
1994-95 the D'Urville Island and Perano strata were not surveyed. In 1995-96 the Northern 
Faces stratum was not surveyed. . 

Although the mean relative abundance of emergent paua in PAU 7 has declined slightly 
between 1992-3 and 1998-9, this decline has not been consistent and was not statistically 
significant (Figure 3). The apparent increase in mean relative abundance in mid 1990s was 
probably caused by the concentration of sampling in the D'Urville and Northern Faces strata 
(Figures 4-7) where mean relative abundance was considerably higher than in the other strata 
(Table I). The variability associated with the annual estimates has been reduced in recent 
years and was smallest in 1998-99. This was caused by a reduction in the number of very 
large patches observed as well as an increase in replication. The low relative abundance of 
paua at the Staircase in 1994-95 (Figure 4) may reflect the small number of sites surveyed in 
that year (Table 1). At sites sampled within the Rununder stratum there is a gradual decline in 
the relative abundance of paua over time (Figure 5). Within the Perano stratum (Figure 6) 
there is no significant change in relative abundance between 1992-93 and 1998-99. For sites 
surveyed within the Northern Faces stratum the relative abundance of paua is greater in both 
199445 and 1998-99 than it was in 1992-93 (Figure 7). At D'Urville Island there has been a 
slight decline in relative abundance since 1992-93 (Figure 8). The very high abundance 
estimate and the associated high variability recorded in 1995-96 is a result of the unusually 
high number of very large patches of paua encountered during those surveys. 

2.2 Catch and effort 

2.2.1 Commercial catch data 

The series of commercial catches used for the assessment ran between 1974 and 1999 (Figure 
9). This catch series was derived from two sources; 1974 to 1983 (as reported by Schiel 



(1989)) and 1983 to 1999 (Annala et al. (1999)). Commercial catch for the 1998-99 fishing 
year was assumed to be the TACC of 267.48 t. 

2.2.2 Recreational and Maori customary catches 

Teirney et al. (1997) and Bradford (1998) estimated recreational harvest (using telephone and 
diary surveys) from PAU 7 to be 2-7 t in 1992-93. For this assessment the upper limit of 7 t has 
been used and was assumed to have been constant for the life of the fishery. Current levels of 
Maori customary catch have not been estimated and no estimate is included in this assessment. 

2.2.3 Illegal catch 

Current levels of illegal harvests are not known. In this assessment a nominal estimate of 3 t has 
been used (G. Clarke, MFish Central, pers. comm.). 

2.3 CPUE 

2.3.1 Methods 

Raw catch rates were standardised using the multiple regression methods of Vignaux (1993) 
and applied as described in Kendrick & Andrew (2000). Variables were included until less 
than 1% improvement was seen in the model R2 overall. The explanatory variables offered for 
selection into the model were: 

Fishing year 
Month 
Statistical area 
Number of divers 
Vessel ID 
Year, month, area, number of divers and vessel were all modelled as categorical 
variables. 

2.3.2 Results 

A total of 14683 records involving a total of 287 vessels was used in the catch rate 
standardisation; 87 incomplete or erroneous records were deleted. The order in which 
variables were selected into the model of CPUE and their effect on the model R2 are shown in 
Table 2. Vessel is the most important of the explanatory variables, month and fishing year are 
also significant. The model explained 39% of the variation in CPUE. 

The year effects relative to 1998-99 are shown in Figure 10 and are provided in Table 3. The 
indices show a steady decline since 1985-86. 

Catch and effort data for the 1999-2000 fishing year were too few to be representative (only 
21% of the TACC was caught at the time of the assessment). Nevertheless, the standardisation 
was-repeated using these data and the results included in the assessment as a sensitivity test 
(see Tables 3 and 6). 



2.4 Population length-frequencies 

2.4.1 Methods 

The size composition of paua at each site was estimated during the timed-swims by collecting 
up to four randomly selected paua fiom each patch encountered. This protocol meant that 
relatively more paua from small patches were measured than from larger patches; we assume 
there are no differences in the length composition of paua in patches of different size. 
Population length-frequency data gathered in 1988-89 were fiom collections of all emergent 
paua in haphazard searches within sites (Schiel & Breen 1991). All length-frequency data 
were grouped into 2 mm size classes for presentation, with paua longer than 170 rnm being 
pooled into a single size class. 

2.4.2 Results 

The length structures of populations of emergent paua in PAU 7 have been estimated for 
some strata since 1989 (Figures 11-15), but only in 1998-99 are they available for all strata in 
one year. Many samples were also too small to estimate the population structure. 

The DYUrville and Northern Faces strata were sampled adequately in three years (Figures 11 
and 12). The observed length-frequency distributions in these strata appear to be similar 
through time. Within the D'Urirille stratum between 1995-96 and 1998-99 the percentage of 
the paua smaller than MLS may have declined slightly (Table 4). 

Within the Northern Faces stratum there appears to have been an increase in numbers of small 
paua and an associated decrease in mean length between 1989-90 and 1994-95 (Table 4). 

The Perano stratum was sampled adequately in four years (Figure 13), at which times the 
length frequency distributions appear similar (Table 4). 

Both the Rununder and Staircase strata were sampled adequately in only two fishing years, 
which appear similarly consistent through time (Figures 14 and 15, Table 4). 

Both D'Urville and Northern Faces strata. have consistently higher percentages of paua 
smaller than the MLS than the Perano, Rununder, or the Staircase strata (Table 4). While this 
is consistent with heavily fished populations with good recruitment, the length structures may 
be influenced by the occurrence of 'stunted' stocks in these strata (Schiel & Breen 1991). 

2.5 Length frequencies of the landed catch 

2.5.1 Methods 

The size composition of the landed catch was estimated by measuring the shell of shucked 
paua at processing sheds. For each landing date where the fisher and fishing area was known, 
one sack containing about 120 shells was randomly selected from the catch and each shell 
measured to the nearest millimetre. 



2.5.2 Results 

Length frequencies from the landed catch were available for each year between 1989-90 and 
1993-94 and for the 1997-98 and 1998-99 fishing years (Figure 16). Over this period the 
length structure of the landed catch appears similar. 

2.6 Growth data 

Estimates of growth have been made at six sites at D7Urville Island only (McShane & Naylor 
1995). Tagged paua were recovered almost a year later, and their shells measured again. 
Independent of the assessment model, a von BertalanfQ growth curve was fitted with non- 
linear least squares. This gave the parameters L, = 150 mm and K = 0.252. The residuals of 
this fit suggested that the standard deviation of the increment-at-length decreased with the 
increment, from about 6 mm at an increment of 20 mm, to 1 mm at an increment of 1 mm. 

3. OTHER SOURCES OF FISHING MORTALITY 

Sub-legal paua may be subject to handling mortality by the fishery if they are removed from 
the substrate to be measured. Mortality may originate from wounds caused by removal, 
desiccation or osmotic stress and temperature stress at the surface, unsuitable habitat when 
replaced; and predators. Taylor et al. (1994) reported that 14% of paua removed from the reef 
by commercial divers are undersized and are returned to the reef, but provided no details of 
the method used to make this estimate or where it was made. Pirker (1992) reported that as 
much as 54% of paua removed from the reef may be undersized. Of these paua, up to 13% 
were damaged in some way and field estimates suggest up to 80% of these may fall victim to 
predation by wrasses or starfishes following their return to the reef. 

4. BIOLOGICAL DATA 

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

where wk is the mean weight (kg) of paua in length class k and Ik is the midpoint length (mrn) 
in length class k. 

Maturity was assumed to be knife-edged at 92 mm shell length. McShane & Naylor (1995) 
suggested that 50% maturity is attained at 75-95 mm shell length. Recruitment to the fishery 
was assumed to be knife-edged at 126 mm shell length. Length measured by catch sampling 
and population surveys is slightly different from length as measured by the fishery-in the 
latter, organisms attached to the shell can be included in the measurement. The model 
excluded observations below 126 mm in catch samples. 

The lag between spawning and recruitment to the model at 70 mm was assumed to be 3 years. 
Some data are available on juvenile growth from studies near Wellington and some modes are 
available from juvenile surveys at Stewart Island @.R. Schiel, unpubl. data). 

The population surveys were assumed to be size selective for paua between 90 and 126 mm. 
The selectivity function was described by Breen et al. (2000b) and is based on two parameters 
estimated by the model. 



5. ASSESSMENT MODEL 

5.1 Overview 

The model was described in detail by Breen et al. (2000b). It is similar to length-based models 
used for abalone in New South Wales (Worthington et al. 1998) and lobsters (Punt & 
Kennedy 1997, Starr et al. 1999, and unpubl. results, Breen & Kendrick 1999, Breen et al. 
unpubl. results). Briefly, the model is length-based, containing 50 length classes representing 
paua fiom 70 to 170 mm. Recruitment of individuals, assumed to be 3 years old, is distributed 
evenly across the first five length classes (70-80 mm shell length). Growth is modelled 
through a stochastic growth transition matrix, which describes the distribution of probabilities 
that a paua in one length bin will move to other length bins. Growth parameters are estimated 
within the model. The model is initialised by being run to a near-equilibrium, generating a 
stable length distribution in equilibrium with recruitment and natural mortality. 

The model is then driven by observed catches. In each year, recruited biomass is calculated, 
the exploitation rate is estimated from observed catch and model biomass, rate of survival 
from fishing is calculated, and numbers-at-length are updated accordingly. 

Parameters estimated by the model are: 

ln(R0) 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,, 

s90 the relative selectivity of the diver survey for paua of 90 mm shell length 

s'u the shell length at which paua are fully selected by the diver survey, and 

Rdev a vector of recruitment deviations modifying the actual model recruitment in a given 
year. 

Bayesian techniques are used to fit the model. The model is fitted to five sets of data 
simultaneously using robust techniques to specify likelihuods and to describe prior 
distributions. The five data sets are: a series of standardised CPUE, mean relative abundance 
from diver surveys, observed length frequencies from research surveys and from catch 
sampling, and a set of observed growth increments from tagging studies. A "base case" is 
described and illustrated with reference to the mode of the joint posterior distribution WD), 
but the assessment is based on the posterior distributions of model parameters and derived 
parameters, or indicators. The posterior distributions are made by taking 5000 samples from 1 
million Monte Carlo-Markov chain (mcmc) simulations. These were surnmarised by the 
minimum and maximum, mean and median, and 5 and 95 percentiles of the distributions. 

The MPD estimates were also used as the basis of comparisons in sensitivity tests. Sensitivity 
tests were used to explore sources of uncertainty not incorporated into the assessment 
procedure described above, such as uncertainty about the observed catch vector and the effect 
of using robust estimators. Sensitivity to the five data sets was examined by removing the data 



sets fiom the estimation procedure one at a time, and then removing both population indices 
and both length fi-equency data sets. 

Several indicators of the present and future state of the stock are used. These are: 

(1) Virgin biomass, BO, estimated as the recruited biomass at the beginning of 1974. 

(2) B,.,. This was based on F0.1, which was estimated with deterministic simulations without 
recruitment variability. The model did this for each MPD estimate and each MCMC 
simulation. B,, was taken as the equilibrium biomass associated with the F0.1 estimate. 

(3) The indicators for current and projected biomass, B2Oo0, B2004, and B2010, were the values 
for recruited biomass in those years. Spawning biomass indicators for the virgin, current 
and projected populations were called SO, Sm, S2oO4, S2010, and were calculated as the 
product of numbers and weight of paua above the size at maturity. Males and females 
were not modelled separately. 

(4) Ratios of the population indices were used to estimate how depleted the current and 
projected population was, where it stood relative to B,,, and whether it was likely to 
increase or decrease by 2004 and 2010. 

(5) Exploitation rates in 2000,2004, and 201 0 were taken from UzoOO, U 2 ~ ~ 4  and U20,0. 

(6) For the sets of MCMC simulations, three additional indicators were the percentages of 
runs in which projected exploitation rate in 2004 was greater than 0.8, in which biomass 
in 2004 was greater than 2000 biomass, and in which spawning biomass in 2004 was 
greater than the 2000 spawning biomass. 

5.2 Priors, bounds, and assumptions 

Bayesian',priors were established for all parameters (Table 5). Most were uninformative and 
incorporated simply as uniform distributions with upper and lower bounds. Except for the 
selectivity parameters, these bounds were arbitrarily set so wide as not to restrict the 
estimation. The prior for M was based on a consideration of published natural mortality rate 
discussions for temperate species of abalone (Shepherd & Breen 1992). The cv was set to 
specify a distribution lying mostly between 0.05 and 0.20. 

5.3 Forward projections 

The model makes forward projections by using parameter estimates obtained from fitting or 
MCMC simulation, and using the dynamics equations in conjunction with specified catch and 
MLS for the period of projection. Projections were made to the beginning of 2010 with 
outputs based on 2004 and 20 10. 

Future recruitments were based on the mean of the most recent 10 years estimated by the 
model. For the sensitivity tests, which were based on the mode of the joint posterior 
distribution (MPD), the projections were deterministic based on this mean. In the MCMC 
simulations, recruitment was stochastic, based on this mean modified by randomly generated 
recruitment deviations. 



5.4 Model results 

5.4.1 MPD 

The MPD fits of the model to CPUE, survey index, and growth data are shown in Figure 17, 
fits to length frequency data are shown in Figure 18, and estimated parameter and indicator 
values are shown in Table 6 under the "base case". 

In this fit, the model reproduces the general downward trend of the CPUE index (Figure 17A) 
without fitting well to individual points. The last part of the fit is not as good: observed CPUE 
rises but model biomass continues to decrease. The model fit through the four population 
survey estimates is flat (Figure 17C). The model fitted the observed tagging increments well 
Figure 17F), but has a higher L, (150 mm) than would be estimated from the tag increment 
data alone (129 mm), and consequently a lower Brody coefficient (K = 0.21 vs 0.30). 

Recruitment in the model was estimated to be lower than average for the first 10 years for 
which recruitment deviations were estimated (Figure 17D). This was followed by an increase. 
The mean of 1991-2000 recruitment is close to RO. When model recruitment is plotted 
against model spawning biomass with a 3-year lag (Figure 17E), the curve shows a slight 
increase in recruitment with decreased spawning biomass. 

The model population fits the catch sampling length frequency data reasonably well (see 
Figure 18), except that it tends to underestimate the proportions of the largest paua. The fit to 
population survey length frequency data is not as good. Some of the problem lies with the 
data: for instance, the 1993 length frequency is displaced substantially to the left relative to 
1992, and 1994 is displaced substantially to the right of 1993. Some differences also exist 
between catch sampling and length frequency length frequencies in the same year (e.g., 
1999). 

Model fits to the recent population survey length frequencies, 1995-99, consistently 
overestimate the proportions of paua in the range 125-135 mm, and underestimate the 
proportions of larger paua. This suggests an inconsistency between the data and the model's 
estimates of growth and total mortality. The inconsistency between the tagging data and the 
model's estimated growth has been described above. 

The MPD results suggest a steadily increasing exploitation rate since the fishery began (see 
Figure 17B). Current exploitation rate is estimated by the model to be about 45%. Fo., is 
estimated to be 0.175 and M0.10, together implying an optimal exploitation rate for a simple 
Fo.l strategy of 15%. MSY was estimated at 192 t, whereas the current catch level is 277 t. 

The MPD fit suggests that recruited biomass in 2000 was 17% of BO and about half of B,,. 
The spawning biomass is estimated as 38% of the virgin level SO. Deterministic projections 
with current catch levels suggested that recruited and spawning biomass would decline by 
between 7 and 8% by 2004 (Table 6). 

5.4.2 Sensitivity 

Sensitivity trials on the MPD results are shown in Table 6. Only the MPD results are 
compared. These must be treated with some caution because the shape of posterior 
distributions may differ between cases with similar MPDs. 



Results from the MPD fit described above are termed the "base case". The next seven 
columns (serial numbers 5 1 1704-5 1 1709 and 5 1 17 16) explore the effects of eliminating one 
or more data sets. The data set with the most influence was the tagging increment data set. 
When this was removed fiom fitting, estimated L, increased fiom 150 to 173 mm and the 
results moved from a stock about 50% of B,, to a stock 50% greater than B,,. This was the 
only sensitivity trial in which the estimated stock was greater than B,,. 

Removal of both length frequency data sets was the trial with the second greatest effect: L, 
decreased to 128 mm (the same estimate as from tag data set alone) and the model made 
virgin spawning biomass very large compared with virgin recruited biomass. Conclusions 
about the state of the stock, however, were not greatly altered by this change. 

In the next three columns (serial numbers 5 1 1710-5 1 17 12), sensitivity to the fitting procedure 
is explored. In the first, the "fat-tailed" t distribution was replaced with robust normal 
likelihood for fitting CPUE and the survey index. In the second, the Cauchy distribution for 
specifying priors was replaced with the normal distribution. In the third, both these changes 
were made together. All three changes cause the assessment to become more optimistic in 
roughly the same way. 

These are followed by tests in which the most recent year of CPUE was added, although data 
are incomplete (a more optimistic assessment). The assumed o. was changed to 0.6 and 0.2 
(an increase makes the assessment more optimistic). An alternative catch series was used 
(little. change) and L, was fixed at 160 mm (slightly,more optimistic). In all cases except the 
one noted, current biomass was estimated to be less than B,, and in all cases was less than 
30% BO. Projected biomass lay between 70-1 15% of current recruited biomass. 

These results suggest that the tag increment data set may be driving the MPD fit in some 
conflict with the other four data sets, but that other modelling choices (such as what fitting 
procedure to use, which catch data series, whether to include the most recent year of CPUE) 
do not have a great impact on conclusions drawn from the assessment. 

5.4.3 Posterior distributions and assessment results 

Figure 19 shows the sequential trends of the 5000 parameter values for estimated and derived 
model parameters. These showed variation without much pattern over the ranges observed, 
except for ln(RO), M, and their dependent derived parameters. These showed some 
'wandering' behaviour in the last quarter of the MCMC simulation runs. No parameter except 
S90 and S'l, was near its bounds. Apart from looking at these traces, no further diagnostics 
were done on MCMC results. These will be explored further in future assessments. 

Posterior distributions for the major parameters and indicators are shown in Figure 20. The 
posterior for M was centred on the mean of the prior distribution, 0.10. 

Posterior distributions are surnrnarised in Table 7. Most MPD estimates of model parameters 
were reasonably close to the median of the posterior distribution. Derived parameters were 
generally more optimistic when measured as the median of the posterior distribution than 
when measured as the MPD; for instance, current biomass was 50% B,, in the MPD, but 61% 
as the median of the posterior. 

Current biomass, B2000, was 20% of BO (5 and 95 percentiles 14-37%) and 61% of B,, (42- 
102%). The qualitative conclusion is thus that this stock is almost certainly below B, as 



defmed by the simplistic Fo., strategy. Spawning biomass was estimated to be 45% (34-68%) 
of the virgin level, SO. 

Projections at the current catch and MLS (see Table 6) indicated median expectations for both 
recruited and spawning biomass to remain near their current levels for the next 4 or 10 years, 
and for recruited biomass to remain near 50-70% of B,,. The 5 and 95 percentiles on these 
projections were large, reflecting some uncertainty about what the population might do in the 
future. For instance, the posterior for B2004 1 B2000 suggests that recruited biomass could 
decrease with 42% probability or increase with 58% probability (Table 7) in the next 4 years. 

6. DISCUSSION 

The current model provided a less robust assessment of the PAU 7 stock than it did for PAU 
5B (Breen et al. 2000b). The main cause of uncertainty is the discrepancy between growth 
estimated from the tagging data set alone and growth suggested by the length frequency data. 
The MPD values of L, and k from these two cases were 129 and 173 mm, and 0.3 and 0.06 
respectively. The base case fit is a compromise between these. 

The base case posteriors, and all sensitivity trials that include the tagging data, suggest a stock 
below B,,,,, with a median expectation of remaining near the same level at current catch and 
MLS levels. However, when the tag increment data set was excluded, estimated biomass was 
greater than B,,. This result suggests that the tag data are critically important to the 
conclusions. It also suggests that growth in PAU 7 needs to be estimated better before a 
reliable assessment can be delivered. 

The discrepancy between growth estimates might have arisen in several ways. First, the 
model assumes that PAU 7 is a unit stock, and thus 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 statistical areas. These are obviously over- 
simplifications. Growth may vary over small distances (Day & Fleming 1992, McShane & 
Naylor 1995). Small-scale differences in growth may explain why the model fits the 
population length frequencies poorly by overestimating the newly recruited paua and under- 
estimating the larger paua. In reality, the total population is likely to be a mixture of slower 
and faster-growing sub-populations. 

Second, it is possible that the tagging data set is misleading because no larger paua were 
recovered in the study. Had growth increments been observed from larger animals, the effect 
of the tagging data set on model results may have been different. Third, the two-parameter 
length-based von Bertalanffj growth model may not be the best descriptor of paua growth. 
This possibility is best explored through collection of more growth data and, further, using 
those improved estimates to explore the utility of more complex growth models. Fourth, it is 
also possible that large paua are left behind when paua density in. an area has been reduced to 
non-commercial levels. Such paua would be vulnerable to research divers, but functionally 
protected fiom the commercial fishery by reason of their low density. Karpov et al. (1998) 
described a refuge in depth for red abalone in California which constitutes a similar 
mechanism. 

The effect of small-scale variability in the demography of paua on model results, apart from 
causing poor fits to length and tagging data, 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. Quantitative assessment must always balance 
these competing scales and the current assessment has been completed at the large scale used 



to manage PAU 7. More realistic assessments are desirable, but require both data collected at 
finer scales and smaller-scale management to be effective. 

Even if the model's estimate of growth is realistic, it is possible that the model results are 
over-optimistic. This could have come about from several sources. Hyperstability in CPUE is 
widely recognised as a problem for abalone assessments (see Breen 1992 for review). If the 
decline in abundance is steeper than the decline in CPUE, then the assessment will be too 
optimistic. Serial depletion, the main cause of hyperstability in CPUE, could also have caused 
catch samples to show less change in the population length patterns than was actually present. 
If this effect is present, then model results are too optimistic. Serial depletion can also cause 
local recruitment failure, again causing the model results to be too optimistic. 

Finally, we used a deterministic equilibrium F0,, calculation to estimate B,,. This is 
simplistic, and is likely to be optimistic because real populations and population processes 
fluctuate, equilibria are non-existent, information about stock size is imperfect and comes 
with a lag. If the model underestimates BmSy for the reasons described, then comparisons of the 
model's current and future biomass with B,,,, are too optimistic. 

A better reference point for abalone might be based on a comparison of spawning biomass 
with SO. Some abalone biologists suggest that 40-50% of virgin egg production should be 
considered a limit reference point (e.g. Shepherd et al. 1995, Shepherd & Baker 1998). The 
only stock-recruit relation for abalone has been suggested by Shepherd & Partington (1995) - 
their data suggested a Ricker-type curve with a very steep left-hand limb, in turn suggesting 
populations that are vulnerable to rapid recruitment overfishing at low spawning stock sizes. 
The potential of Allee effects to become important at low densities of abalone and similar 
sedentary species (see discussion in Babcock & Keesing 1999) suggests that spawning 
biomass should be maintained at a relatively high level compared with other fisheries species. 

Although declining, the relative abundance estimates for PAU 7 are about double those 
reported in PAU 5B (Andrew et al. 2000b). 
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Table 1: Summary of timed-swim surveys completed within PAU 7. Locations of research strata are given in 
Figure 2. - indicates no sampling done 

Year Stratum Statistical Area Replication 

1992-93 Staircase 
Rununder 
Perano 
Cook Strait 
D 'U~i l le  

1994-95 Staircase 
Rununder 
Perano 
Cook Strait 
D' Uwille 

1995-96 Staircase 
Rununder 
Perano 
Cook Strait 
D'Uwille 

1998-99 Staircase 
Rununder 
Perano 
Cook Strait 
D'Urville 

Table 2: The order in which variables were selected into the model of CPUE for PAU 7 and their effect on 
the model R' 

Variable Model R~ 

Vessel 
Fishing year 
Statistical area 



Table 3: Input data used in the PAU 7 assessment. Years are named after the second part of the fishing 
year, viz "1986" refers to the fshing year 1985-86. Two catch series are shown as described in the text: 
the "base caseWcatch and an alternative published estimate. Two CPUE series are shown as described in 
the text: the "base case" and a series in which the incomplete data for 2000 were included 

Year 

1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 

Commercial catch 
base case 

(kg) 

147 440 
197 910 
141 880 
242 730 
201 170 
304 570 
223 430 
490 000 
360 000 
390 000 
320 000 
220 000 
228 090 
242 180 
248 530 
244 460 
248 640 
274 890 
275 050 
267 990 
255 470 
244 350 
263 710 
266 400 
264 460 
262 260 
267 480 

Series 1 

(kg) 

147 440 
197 910 
141 880 
242 730 
201 170 
304 570 
223 430 
330 880 
289 300 
364 660 
306 000 
214 000 
228 090 
242 180 
248 530 
244 460 
248 640 
274 890 
275 050 
267 990 
255 470 
244 350 
263 710 
266 400 
264 460 
262 260 
267 480 

Illegal & 
recreational 

catch 

(kg) 

10 000 
to 000 
10 000 
10 000 
10 000 
10 000 
10 000 
10 000 
10 000 

CPUE 
Base 
case 

1.712 
1.78 1 
1.800 
1 S46 
1.430 
1.577 
1.267 
1 .O52 
1.073 
0.923 
1 .O78 
1.118 
1.043 
1 .O63 
0.928 
0.934 
1.000 

CPUE 
2000 

- 

- 
- 

1.747 
1.818 
1.837 
1 S8O 
1.46 1 
1.609 
1.294 
1 .O73 
1 .OM 
0.940 
1.097 
1.132 
1 .O57 
1 .O77 
0.938 
0.944 
1 .ooo 
0.874 

Diver 
survey 
index 

- 

- 

61.1 

79.2 
82.7 

50.2 



Table 4: Mean length and percentage of paua smaller than MLS for strata surveyed in PAU 7 

Stratum Fishing year % smaller than MLS Mean length 

Cook Strait 

Perano 

Rununder 

Staircase 

Table 5: PAU 7 model parameters and their priors and bounds 

Model parameters Definition Priors and bounds 

In(R0) prior 
M prior 

Natural log(average recruitment) 
Natural mortality 

uniform, 5, 50 
lognormal with mean 0.1, 
CV 0.5, bounds 0.0 1,0.50 
uniform, 100, 150 
uniform, 0.01, 0.80 
uniform, 0.0, 1.0 
uniform, 92, 125 
normal, mean 0 
bounds -2.3 and 2.3 
Assumed 0.50 
Assumed 0.25 

L, prior 
K prior 
Sgo prior 
Sfill prior 
Rdev prior 

Asymptotic length 
Brody's coefficient 
90 mm selectivity 
Size at full selectivity 
A vector of recruitment deviations 

Variance of the error in CPUE 
Variance of the error in the timed- 
swim survey 
Variance of the recruitment 
deviations 

Assumed 0.40 



Table 6: 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. "NPD" indicates that the Hessian matrix was notbositivedefinite 

serial 511703 511704 511705 511706 511707 511708 511709 511716 511710 511711 511712 511713 511714 511714a ,511715 511717 511718 

NPD NPD NPD NPD 
no no plus Linf 

base no n o catch noon. no no no no 2000 Rdev CVs series I fixed at no ---- .. - -. - r-r-  ..- ~~ - -~~ - .  .- - 

Parameter case CPUE IS neither LFs LFs LFs tags fattail , cauchy neither CPUE 0.6 0.2 catch 160 select'y 
In(R0) 14.51 14.51 15.59 15.66 14.65 14.56 15.88 15.57 15.44 14.86 14.85 15.42 14.60 14.46 14.50 14.91 14.51 

CPUE 17.32 0.00 17.22 0.00 17.67 17.17 17.19 17.18 4.14 17.10 4.02 18.19 17.37 17.36 17.39 17.18 17.33 
catchLFs -907.20 -907.09 -909.86 -909.99 0.00 -906.81 0.00 -914.88 -909.63 -908.82 -908.82 -909.39 -906.75 -906.56 -906.40 -912.00 -905.87 

IS 5.43 5.43 0.00 0.00 5.50 5.13 5.33 5.33 -0.52 5.64 -0.37 5.51 5.56 5.28 5.37 5.61 5.13 
priors -2.18 -2.19 4.21 4.29 -2.24 -2.24 -2.24 -2.24 4.04 0.40 0.39 4.00 -2.15 -2.16 -2.13 2.92 -2.16 
Rdev 1.81 1.73 1.55 1.15 1.32 0.72 0.10 0.38 1.37 1.34 1.31 1.50 12.89 -17.10 2.07 1.12 2.21 

pOPn.LFs -646.85 -647.00 -649.43 -649.00 -646.31 0.00 0.00 -650.71 -649.04 -648.47 -648.43 -649.15 -647.66 -645.17 -646.42 -649.10 -626.75 
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 



Table 7: Summary of the posterior distributions derived from the base case. The columns show the 
minimum value observed in 5000 samples from 1 million MCMC simulations, the maximum, the 5 
and 95 percentiles, the mean and the median. The MPD estimates from the base case are shown for 
comparison 

Min 

14.22 
0.084 
142.4 
0.173 
0.000 
98.09 
0.198 
1939 
304 

365 1 
1107 

15.5% 

0.150 
732 
163 
1.7 

9.0% 
27.1% 
26.6% 

206 
107 

700 
634 

39.7% 
13.8% 
19.2% 
9.4% 

16.9% 
14.2% 

5 1 .O% 

37.4% 
12.2% 
8.2% 
6.7% 

57.5% 

35.8% 

Max 

16.52 
0.318 
162.7 
0.236 
0.606 

124.68 
1 S62 
4256 
1794 
627 1 
5959 

80.8% 
0.550 
1369 
391 

133.8 
63.5% 

167.7% 

97.9% 

2273 
3388 
6744 
7526 

200.3% 
470.2% 
212.8% 
32 1.6% 
125.2% 

139.8% 

187.1% 
234.0% 

80.0% 
80.0% 

Mean 

14.71 
0.122 
150.5 
0.204 
0.166 

11 1.75 
0.707 
33 13 
709 

4619 
2165 

4 1.5% 

0.21 1 
1107 
206 
18.7 

21.9% 
64.7% 
46.7% 

756 
73 9 

2123 
2146 

104.0% 
101.4% 
68.9% 

67.3% 
45.7% 
46.1% 

97.1% 

98.0% 
42.5% 
48.2% 

Median 

14.58 
0.106 
150.3 
0.204 
0.157 

111.46 
0.689 
3425 
685 

4605 
2062 

40.5% 
0.185 

1130 
197 
18.4 

20.2% 
61.0% 
44.5% 

720 
65 1 

2004 
1978 

104.3% 
92.5% 
64.6% 
58.3% 
43.3% 
42.9% 

95.4% 
94.8% 
38.5% 
42.6% 

MPD 

14.5 1 
0.101 
150.0 
0.205 
0.18 
110 

0.20 
3620 
600 

4750 
1790 

46.3% 
0.175 

1200 
192 
1.65 

16.6% 
50.0% 
37.7% 

555 

1650 

92.6% 

92.2% 
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Figure 3: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled in PAU 7. 
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Figure 4: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled at the 
Staircase in statistical area 017. 
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Figure 5: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled at 
Rununder in statistical area 017. 

Fishing year 

Figure 6: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled at Perano 
in statistical area 017. 



Fishing year 

Figure 7: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled at Cook 
Strait in statistical area 017. 

Fishing year 

Figure 8: Mean paua abundance and 95% bootstrapped confidence intervals for sites sampled at 
D'Urville Island in statistical area 038. 
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Figure 9: The two catch series (see Table 1) used in the assessment. The base case is the heavy line; the 
alternative series used in sensitivity testing of the model is the lighter line. 
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Year 

Figure 10: The two CPUE series (see Table 3) used in the assessment. The base case values are shown as 
solid squares; the line shows the series calculated when incomplete data from 2000 were used. 
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Figure 11: Length frequency distributions of H. iris sampled from the D'Urville stratum. Minimum legal 
size of 125 mm is also indicated. 
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Figure 12: Length frequency distributions of H. iris sampled from the Northern Faces stratum. Minimum 
legal size of 125 mm is also indicated. 
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Figure 13: Length frequency distributions of H. irh sampled from the Perano stratum. Minimum legal 
size of 125 mm is also indicated. 
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Figure 14: Length frequency distributions of H. iris sampled from the Rununder 
stratum. Minimum legal size of 125 mm is also indicated 
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Figure 15: Length frequency distributions of H. iris sampled from the Staircase stratum. Minimum legal 
size of 125 mm is also indicated. 
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Figure 16: Length frequency distributions of H. iris from shed sampling in PAU 7. Minimum legal size of 
125 mm is also indicated. 
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Figure 17: Results from the base case MPD fit for PAU 7. A: Observed (squares) and predicted (solid 
line) CPUE; B: the model's exploitation rate; C: Observed (squares) and predicted (solid line) diver 
survey index; D: the model's annual recruitment; E: recruitment plotted against spawning biomass three 
years earlier; F: Observed length increments from paua tagged at D'Uwille Island and recovered after 
237-242 days, and predicted length increments. 
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Figure 18: Observed (bars) and predicted (lines) length frequencies from catch sampling (left) and 
population sampling (right). The number under the vear is the effective samnle r i 7 ~  
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Figure 18 (cont.): Observed (bars) and predicted (lines) length frequencies from catch sampling (left) and 
population sampling (right). The number under the year is the effective sample size. 
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Figure 19: Values of the parameters indicated during MCMC simulations. Each plot shows the values 
plotted in the order that samples were taken -one sample was taken every 200 simulations from a run of 
1 million. 
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Figure 19 (cont.): Values of the parameters indicated during MCMC simulations. Each plot shows the 
values plotted in the order that samples were taken -one sample was taken every 200 simulations from 1 
million runs. 
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Figure 20: Posterior distributions from the 5000 samples shown in Figure 19. 



Figure 20 (coni): Posterior distributions from the 5000 samples shown in Figure 19. 
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Figure 20 (cont): Posterior distributions from the 5000 samples shown in Figure 19. 


