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EXECUTIVE SUMMARY

Neubauer, P. (2019). Development and evaluation of management procedures in pāua quota man-
agement areas 5A, 5B and 5D.

New Zealand Fisheries Assessment Report 2019/37. 63 p.

This project was a first attempt at introducing formal management procedures (MPs) based on control
rules in pāua fisheries in New Zealand. Stakeholders in pāua quota management area PAU 5 requested
that science-based management procedures be investigated in order to ensure long-term sustainability
of pāua fisheries in lower South Island and Stewart Island. The MPs were to be used for voluntary
management within the industry in the medium term (e.g., for the next 3–5 years) to trial the process.
Once the process and the MPs were refined and meeting stakeholders’ expectations, they could be used
for setting the total allowable commercial catch (TACC).

The development process for the MPs included three phases: initially, the current pāua stock assessment
model was used to produce up-to-date status estimates for all stocks, and an added MP evaluation loop
was used to test preliminary rules. The outcome of this pilot run was the basis for the development of a
web application that was used to consult with fishers and inspect the outcomes of individual model runs.

A series of meetings was held with fishers and quota-owners in PAU 5 to quantify objectives and identify
control rules that are acceptable to stakeholders. Management objectives were stated qualitatively as
low risk/high biomass objectives, and rules were discussed that fishers considered as leading to desirable
outcomes (i.e., high biomass and low risk in the context of the management objectives).

Agreed rules were simulation-tested based on the period 2016–2036 using the pāua stock assessment
model. This testing involved a number of scenarios, including scenarios that were explicitly requested
by PAU 5 stakeholders (e.g., scenarios relating to increased recreational catch). The MP evaluations
showed that rules suggested by fishers are likely robust, and near optimal with respect to identified
objectives for PAU 5A and PAU 5B. For both these fisheries, the proposed rules led to likely outcomes
of biomass levels above 40% of virgin spawning stock biomass SSB0.

In PAU 5B, the proposed rule could be used to motivate an increase in TACC, as all scenarios suggest
continued rebuilding of biomass towards a level near 60% of spawning stock biomass and catch-per-
unit-effort (CPUE) around 50 kg/h. In PAU 5A, the proposed control rules would likely lead to steady
increases in biomass to levels well above 40% of SSB0. Nevertheless, the rules also suggested that the
current shelving needs to be maintained under conservative management objectives.

The proposed control rule for PAU 5D likely leads to steady rebuilding, but there is only a small chance
that biomass levels will be above 40% of SSB0 in the medium term, despite current shelving of 30% of
the TACC. Under the proposed control rule, shelving levels would likely be reduced relatively quickly,
and an agreement to maintain current shelving levels would help faster rebuilding. The evaluation of
the MPs thus suggested a difficult trade-off in PAU 5D between continued catch and rapid rebuilding to
target levels.

The proposed control rules appear to be a robust starting point for managing PAU 5 fisheries on the basis
of formal, but voluntary, management procedures. Most sensitivities, including those with increased
recreational catch, had limited impact for the sustainability of the PAU 5 fisheries under the proposed
rules. Increased recreational catch did lead to lower commercial catch in these scenarios, but over-
all, reduced productivity (through low future recruitment) had the strongest impact on performance of
control rules and often led to declines in biomass under rules considered here. However, only in PAU 5D
did simulated declines under reduced productivity lead to high probability of triggering limit reference
points.
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1. INTRODUCTION

Management procedures (MPs) link resource assessments to a set of rules, collectively called a control
rule, that formalise the setting of allowable catches (e.g., total allowable catch (TAC), catch allocations).
MPs are increasingly being used for both information-rich and information-deficient stocks (Butterworth
2007, Dowling et al. 2015b), and usually aim to balance conflicting objectives of high yield, stable yield
and low probabilities of resource collapse in a formal way (Butterworth 2007). To identify a suitable
MP, a set of candidate MPs are usually simulation-tested to identify a set of rules that produces the best
possible outcomes under a range of uncertainties (Butterworth 2007). Once identified, a suitable MP is
agreed on by stakeholders prior to its implementation and application.

To establish an MP, stakeholders first need to identify and agree on a set of management priorities.
These priorities can be formalised by applying weights to a set of performance metrics (e.g., average
catch, low probability of fishery collapse; Bentley et al. 2003b, Rademeyer et al. 2007). Performance
metrics quantify sometimes conflicting objectives, such as mean catch and catch-per-unit-effort (Starr
et al. 1997). Elicitation of priorities from stakeholders can be difficult: it involves quantitatively sum-
marising stakeholder priorities in an objective (or utility) function that allows MP comparison (Bentley
et al. 2003b).

MP evaluation (MPE) is a simulation procedure to test the MP performance or the agreed set of man-
agement objectives. The simulations are designed to account for a range of uncertainties inherent in the
assessment of natural resources, and fisheries in particular (Francis & Shotton 1997). These uncertainties
relate to model fitting (distributional assumptions and estimation error), process error (variability around
average values for natural processes, e.g., expected recruitment for a given biomass level), observa-
tion error/bias (e.g., bias in catch-per-unit-effort (CPUE) or survey results), implementation uncertainty
(e.g., uncertainty in actual shelving percentages or real future recreational/customary catch; Butterworth
& Punt 1999) and model uncertainty (e.g., uncertainty in operating model specification, error in current
status estimates; Butterworth & Punt 1999). Given these uncertainties, a control rule is sought that max-
imises the utility function or gives satisfactory performance as defined by the (weighted combination of)
agreed performance indicators (Bentley et al. 2003b).

MPEs generally test the rules linking resource assessment and management by means of applying these
rules to a simulation model, the operating model. Sometimes, the complete chain of the MPE (manage-
ment plus resource model) is referred to as the operating model (Wiedenmann et al. 2013), but for the
purpose of this document, the operating model is defined as the simulation model that simulates the fish-
ery and resource dynamics. Fishery and resource dynamics can also be separated into operating model
components, especially if fishery dynamics are themselves influenced by management decisions in a
predictable way.

The operating model is a crucial component in MPEs, since it summarises available knowledge of re-
source dynamics. Simulations from the model for a fishery managed according to the MP under invest-
igation are thought to be indicative of how the real system will perform under the same MP. Often, an
existing assessment model is used as an operating model (Bentley et al. 2003a, Haist et al. 2006, Rade-
meyer et al. 2007), and alternative assessment scenarios (e.g., based on varying fishery selectivity, or
scenarios of migration) are used to explore sensitivities of the MPE outcomes to operating model as-
sumptions. This approach is the most straightforward way to perform an MPE, as the assessment model
is fitted to data, and sensitivities have often been thoroughly explored. In cases where the resource dy-
namics are more uncertain (i.e., where model uncertainty is high), alternative model structures can be
explored to increase the representation of these uncertainties in the MPE (Butterworth & Punt 1999,
Rademeyer et al. 2007).

To implement an MP, the stock status needs to be assessed both before the simulation-testing and selec-
tion of theMP (i.e., as a reference), and as part of theMP itself to inform the control rule. The assessment
used to inform the control rule may be model-based, or empirical (Rademeyer et al. 2007, Dowling et al.
2015a). While model-based assessments involve a form of stock assessment using population models,
empirical estimators can involve a variety of indicators linked to stock status, such as CPUE, catch-per-

2 • PAU 5 management procedures Fisheries New Zealand



unit-area (CPUA) and length-based indicators. Importantly, for simulation-testing of the MP within an
operating model, empirical estimators of stock status must be clearly linked to stock status in the simula-
tions. Model-based estimation is in many cases more accurate as it may reveal shortcomings in empirical
estimators, whereas the empirical estimators are more cost effective and more easily simulation-tested.
In both cases, there may be considerable uncertainty associated with stock status.

This study made a first attempt at identifying, testing and implementing control rules in pāua quota
management area 5 (PAU 5), within each of the sub-areas PAU 5A (Fiordland), PAU 5B (Stewart Island),
and PAU 5D (Otago and Southland east coast). These three sub-areas within PAU 5 have differing
qualitative characteristics, but many fishers fish more than one of these areas on a regular basis. Sub-area
PAU 5A was split into two assessment areas, the northern and southern zones. The most recent fishery
assessment (Fu 2015a, 2015b) suggested that both sub-areas were at or above 40% of virgin spawning
stock biomass (SSB0). In PAU 5B, the fishery has been steadily rebuilding following a considerable
reduction in total allowable commercial catch (TACC) in 2002, and is now estimated to be above 40%
of virgin biomass (Fu 2014). In contrast, the fishery in PAU 5D was estimated to be below 40% of virgin
biomass in the most recent assessment (Fu 2013), and fishers decided to shelve (i.e., not fish) 20% of the
current TACC of 89 t for the 2014–15 and 30% for the 2015–16 and 2016–17 fishing years.

This project was akin to a pilot project aimed at providing stakeholders in PAU 5 with the possibility of
running a formalised MP in a virtual setting: the MP would indicate shelving levels (i.e., operate within
the TACC), and potentially identify when stakeholders could request a TACC increase. In PAU 5B,
a control rule would likely provide information about the consequences of a hypothetical increase in
TACC, and outline possible long-term management options for the fishery. For PAU 5D, an MP needs to
assure that the fishery does not decline further, and encourage rebuilding of the fishery to target levels.
The MP for PAU 5D will thus be aimed at rebuilding the fishery through shelving of quota under the
current TACC. In PAU 5A, QMA-wide shelving and areal catch limits will be informed by the MP. To
achieve the latter, the MP was split into two control rules for each of the independent assessment areas
(north and south). These areas are currently managed within a single TACC, but voluntary management
within the industry assigns catch limits to each area in accordance with fisher perception. (Note that in
the following sections, the term TACC is used loosely, referring to total commercial catch, regardless of
whether this catch is set by industry internal shelving within limits of the legislated TACC, or by changes
in the legislated TACC itself. This lack of distinction recognises that, in the near future, MPs will likely
inform shelving decisions, but could support setting of the TACC in the longer term.)

In New Zealand, the harvest strategy standard sets the minimum requirement for MPs, namely “a spe-
cified target based on MSY[maximum-sustainable-yield]-compatible reference points or better, a soft
limit, and a hard limit, all with associated acceptable probabilities and management actions” (Ministry
of Fisheries 2008). For this reason, MPs need to be tested to ensure that minimum requirements are met.
In this context, MPs have been implemented for rock lobster fisheries (Bentley et al. 2003b, Starr et al.
1997, Bentley et al. 2003a, Breen et al. 2009) and evaluated for a growing number of stocks (Haist &
Middleton 2014, Haist et al. 2006). In most cases, the operating model for the MPE was taken to be
the assessment model (Starr et al. 1997, Haist et al. 2006), and CPUE was used as an empirical measure
of abundance in harvest control rules. CPUE is currently used as the main indicator of abundance in
pāua stock assessments, and is the most direct empirical measure of abundance. This approach was also
followed in the present study.

This project was split into three stages. First, stock assessments were re-run for all PAU 5 QMAs using
the length-based assessment model (Breen et al. 2003) to obtain a current status estimate for each QMA.
The assessment model was extended to include a management procedure evaluation loop, and prelim-
inary results from applying this MPE were visualised using a web-application framework. Second, this
framework was used to consult with fishers and elicit management objectives and potential control rules
for each QMA. These control rules were then tested in the MPE framework, using a range of assessment
model sensitivities and simulation scenarios.
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2. METHODS

2.1 Operating model

The operating model is the simulation basis for MPEs, it estimates current stock status and is used to
project the stock forward under various management regimes. To date, the only model that has been fitted
to recent pāua fisheries data in PAU 5 is the length-based assessment model (Breen et al. 2003). This
model does not have a notion of space (i.e., it assumes a single stock across QMAs), but recommendations
from the Shellfish Fisheries Working Group concluded that a model that is fitted to data is preferable
to using a simulation model that is only qualitatively informed by data. I, therefore, used the current
assessment model as a simulationmodel. This choice also suggests using CPUE as an empirical estimator
of abundance, despite potential bias in pāua CPUE (e.g., Prince 1989), as it is the only quantity that is
directly tied to abundance in the assessment model. The length-based assessment model of Breen et
al. (2003) was used in its most current form (Fu 2016), incorporating recommendations from the 2015
review of the model and its application (Butterworth et al. 2015) (for a detailed description of the model
and recent applications, see Breen et al. 2003 and Fu 2016).

Model fitting was performed as for standard stock assessments, using maximum posterior density (MPD)
estimates to explore model fit, and using full Markov chain Monte Carlo (MCMC) for final model fitting
and the MPE. Estimates throughout were based on 1000 samples from the posterior distribution (using
runs of 1.2×105 iterations, discarding the first 2×104 iterations and keeping parameter values at every
1000th iteration as a sample), using the last 300 samples for MPE simulations. The full set of MCMC
samples could not be used for MPEs due to memory management limitations in the AD model builder
that could not be resolved.

2.2 Model inputs

The assessment model was taken to be the most recent assessment model, however, model inputs were
updated to reflect the most recent data. For this update, CPUE from Paua Catch Effort Landing Return
(PCELR) forms (2001 onward) was standardised and replaced the previous CPUE index. Furthermore,
data from the commercial length-frequency sampling programme were updated to include data up to the
2014–15 fishing year.

2.2.1 CPUE

CPUE is the most direct measure of biomass in the length-based model in its current form. CPUE from
PCELR forms was standardised using a linear mixed model, with log(CPUE) (estimated catch divided by
estimated time in water) as the dependent variable and fishing year (fixed effect), dive condition (fixed
effect), diver and statistical area (random effects) taken as predictors of CPUE. More specifically:

log(CPUEk,i,s) = βXk + ωs + νi + ϵk,i,s, (1)
ϵk,i,s ∼ Normal(0, σ), (2)

τi ∼ Normal(0, τ), (3)
ωs ∼ Normal(0, ζ). (4)

Here, CPUEk,i,s is the CPUE on day k by diver i in statistical area s, β is a row vector of fixed effect
coefficients and X is a column matrix of dummy variables encoded as binary contrasts. The random
effects for statistical area ωs, and diver, νi are normally distributed with estimated variance components
ζ and τ , respectively. Residuals ϵk,i,s are also normally distributed with variance σ.
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2.2.2 Offset CPUE

Management decisions are usually made some time before the new fishing year. For pāua fisheries,
annual general meetings (AGMs) of stakeholders are generally held in June, and voluntary management
measures are usually agreed at this time. Decisions for the following year are thus based on incomplete
information of the current fishing year. The offset CPUE is a standardised CPUE time series for which
the fishing year definition is changed so that the standardised index represents the year from 1 April to
31 March the following year. This change provides an index that includes data from the first six months
of the current fishing year. The standardisation of the offset CPUE was performed as for the standard
CPUE, but was not used for model fitting. Nevertheless, predicted offset CPUE was inspected to verify
that the model provided an adequate fit to the index (i.e., that the index is linked to biomass estimates in
the model).

2.2.3 Natural mortality (M) prior

Specifically, the model included new priors for natural mortality (M) as a sensitivity for PAU 5A North
and PAU 5D, and as the base case for PAU 5A South and PAU 5B. The 2015 stock assessment review
panel (Butterworth et al. 2015) suggested conducting the assessment with a uniform prior on M for all
stocks except the stock that is assessed, and then using the resulting posterior distribution to construct
a prior for the stock to be assessed. Fu (2016) reported that the uniform prior only provided plausible
results in PAU 5A South and PAU 5B. The assessment model was, therefore, applied with this uniform
prior for these stocks (as this prior seemed preferable to informative priors), and a new prior derived
from these estimates was used as a sensitivity for PAU 5A North and PAU 5D. Specifically, a log-normal
distribution with mean 0.14 and coefficient of variation (CV) of 0.2 was an adequate fit for the resulting
posterior distributions from PAU 5B and PAU 5A South (Figure 1).

In practice, I found that these priors led to unrealistically high estimates for M for the other two assess-
ments (PAU 5A North and PAU 5D; see Results), and the base case was, therefore, set to a mean of 0.1
and a CV of 0.1.

2.3 Management procedure

The technical implementation of the management procedure and its evaluation within the current stock
assessment model was greatly influenced by past research for New Zealand rock lobster fisheries (e.g.,
Breen et al. 2009). Consultation with Vivian Haist (Haist Consultancy) and Paul Breen (Breen Consult-
ing) provided the initial starting point, and much of the code and rationale of the PAU 5 management
procedure elicitation and evaluation followed the rock lobster example (rock lobster code was provided
and annotated by Vivian Haist).

2.3.1 Eliciting objectives and feasible control rules

Three meetings (on 26 November 2015, 11 May and 8 June 2016) were held in Invercargill with stake-
holders (i.e., fishers, quota owners, and representatives from the Pāua Industry Council Limited) to dis-
cuss management procedures, and to formally identify management objectives. While the first meeting
was an informal discussion introducing the concept of management procedures to stakeholders in the
context of a general harvesters meeting, the meeting in May 2016 was specifically convened to discuss
management objectives and potential control rules. The subsequent June meeting was in the context of
the AGM for PAU 5, and discussed preliminary implementation and testing of rules identified in May.

2.3.2 Performance indicators

A suite of performance indicators was identified as potential performancemeasures against which control
rules could be tested (Table 1). These measures included performance measures that assure that manage-
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Figure 1: Summaries of the log-normal distribution fit to posterior draws for the natural mortality para-
meter M from the Markov chain Monte Carlo (MCMC) of the length-based assessment model applied to
pāua quota management sub-areas PAU 5A South and PAU 5B. The histogram (top left) shows the empir-
ical distribution of MCMC draws for M, with the theoretical fit overlayed as a red line. The other panels
show the quantile-quantile plot (top right), the observed and expected (red) cumulative distribution (bottom
left), and observed and theoretical probabilities (bottom right).
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Table 1: Performance metrics proposed to evaluate control rules in pāua quota management area 5. Metrics
include: avB, available biomass; SSB, spawning stock biomass; SSB0; virgin stock biomass; y denotes years
in the management procedure evaluation projections (i.e., 2016–2036); I is an indicator function that is 1
when its argument is greater than zero, and is zero otherwise (CPUE, catch-per-unit-effort; TACC; total
allowable commercial catch).

Group Label Definition

Biomass (B) average avB (vs 2015 level) 1/years
∑

y avBy/avB2015

minimum avB (vs 2015 level) miny(avBy)/avB2015

Probability SSB < 0.2SSB P (SSB < 0.2SSB)
Probability SSB < 0.1SSB P (SSB < 0.1SSB)
relative biomass at 10y SSB2026/SSB0

relative biomass at 5y SSB2021/SSB0

Catch minimum catch miny(Catchy)
average catch 1/years

∑
y Catchy

CPUE minimum CPUE miny(CPUEy)
average CPUE 1/years

∑
y CPUEy

TACC change TACC changes 1/years
∑

y I(|TACCy − TACCy−1|)

ment according to a specific control rule is compatible with the New Zealand harvest strategy standard
(i.e., low probability of reaching soft (20% of SSB0, the virgin spawning stock biomass) and hard (10%
of SSB0) limits; Ministry of Fisheries 2008). Other measures, such as the spawning stock biomass after
five and ten years of management under a control rule, quantify rebuilding potential. Measures that are
directly informative (especially to fishers) about fishery performance include CPUE and catch-related
measures.

2.3.3 Testing control rules

Evaluation of management procedures was performed within the assessment model, usingMCMC draws
from the marginal posterior distribution of model parameters to project the model forward under differ-
ent management scenarios (Figure 2). For each MCMC draw, a set of projection parameters, consisting
of auto-correlated recruitment deviations and CPUE observation error, were drawn. For each of these
parameters, the moments (mean, standard deviation and auto-correlation) of the error distribution were
calculated from parameter values (i.e., recruitment deviations and CPUE residuals) at the MCMC itera-
tion.

Control rules were tested using MCMC samples from assessment models, conducted with two types of
sensitivities (Table 2): sensitivities to model parameters (i.e., sensitivities to the model setup; hereafter
termed sensitivities) and sensitivities to projection scenarios (hereafter termed scenarios). The former
type tests sensitivities to assumptions in the model, especially those that can give rise to different stock
status and productivity estimates (it is of limited use to conduct sensitivities that give qualitatively similar
results to the base case scenario). Sensitivities included scenarios of hyper-stable CPUE to test potential
non-linear relationships between CPUE and abundance, low Beverton-Holt steepness (h), and wider
priors for M (Table 2). Scenarios consider assumptions about future stock and harvest dynamics (e.g.,
future recreational catch and productivity), which may differ from those inferred from the retrospective
data to which the model is fit.

2.3.4 The pāua MPE shiny application

A Shiny (Chang et al. 2016) web application based on the statistical computing language R (R Core
Team 2018) was developed to evaluate and illustrate management procedure outcomes. The application
is based on a reactive framework that lets the user choose management objective (i.e., performance
metrics) weights, as well as sensitivities, scenarios and management procedure parameters (Figures 3,
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Rules
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Calculate and store 
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Years

Observed CPUE

Apply 
control rule

Figure 2: Schematic of the management procedure evaluation (MPE) setup for pāua quota management
area 5 (PAU 5). Squares indicate loops, with the dimension of the loop indicated in the bottom left corner
of the square. Ellipses are sub-components of the enclosing square or ellipse. Each Markov chain Monte
Carlo (MCMC) draw (or iteration) is associated with a set of model parameters, which form the basis for
projections together with randomly drawn projection parameters. Projection parameters include recruit-
ment (deviations) and catch-per-unit-effort (CPUE) observation error, which are randomly drawn from a
distribution defined by moments calculated from the model run. Given a set of model and projection para-
meters, for each control rule, stock dynamics are projected forward for each projection year and the control
rule is applied based on simulated observed CPUE.

Table 2: Markov chain Monte Carlo sensitivities and projection scenarios considered for each pāua quota
management sub-area (CPUE, catch-per-unit-effort; M, mortality).

Sensitivity Scenario Parameter values

Base case Base case
Recreational catch increase rCrec={2,5}%
Recreational catch multiplyer mCrec={0.5,0.8,1.2,1.5,2}
Recruitment deviation mean multiplyer mRdev={0.6,0.8}
Natural mortality increase rM={0.5,1,1.5}%
CPUE observation error multiplyer m∂CPUE = 1.5
Catchability increase rq={0.5,1,1.5}%

Hyper-stable CPUE Base case ß = {0.5,0.8}
Low steepness Base case h = 0.6
M prior Base case μ = 0.14, cv = 0.2
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4). The application automatically identifies a best rule, against which particular control rules can be
compared. The best rule is determined by the maximum utility U (or objective function), which is itself
determined by the weighted set of performance metrics p. The application allows two options to define
the overall utility for each rule i:

1. by difference Ui =
∑

pwp(mp −mpbest)/mpbest ,

2. by rank Ui =
∑

pwp(1 + p− rank(mp)).

Here,wp is the weight given to performance metric p,mp is the value of performance metric p, withmpbest

the value of the best rule for performance metric p. The rank function ranks control rules according to
their numerical value for eachmetric. Other utility definitions are possible, but the utility serves here only
as a means to construct a comparative tool for fisher-defined control rules, and is thus not an essential
part of the MPE (i.e., there was no attempt to find an optimal MP under some utility function).

Fisheries New Zealand PAU 5 management procedures • 9



(a) Performance metrics

(b) Sensitivities & scenarios

(c) Control rules

(d) Rule visualisation

Figure 3: Screenshots from input menus of the Shiny management procedure evaluation application for
pāua quota management area 5 (PAU 5). a) The weight of performance metrics can be set to influence the
utility function and determine a best rule for comparison. Setting weights to zero allows for performance
metrics to be taken out of the comparison. b)MCMC sensitivities and scenarios can be selected to investigate
the impact of assumptions on simulated performance metrics and catch, CPUE and biomass trajectories. c)
Control rules and their parameters are set to compare against best-case scenarios, and to evaluate individual
performance criteria. d) Control rules defined by parameters in c) are visualised, along with the best rule as
derived from the performance metric weights.
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Table 3: Estimates of stock status and natural mortality for stocks in sub-areas of pāua quota management
area 5 under different assumptions (sensitivities).

QMA Sensitivity Status M

Median (5%, 95%) Median (5%, 95%)

5A South Base case 0.43 (0.34,0.59) 0.13 (0.1,0.17)
5A South Hyper-stable CPUE (ß = 0.5) 0.57 (0.38,0.97) 0.14 (0.09,0.29)
5A South Hyper-stable CPUE (ß = 0.8) 0.43 (0.31,0.67) 0.12 (0.09,0.17)
5A South Low steepness (h=0.6) 0.43 (0.34,0.56) 0.14 (0.11,0.18)
5A North Base case 0.47 (0.39,0.56) 0.15 (0.13,0.17)
5A North Hyper-stable CPUE (ß = 0.5) 0.47 (0.39,0.56) 0.15 (0.13,0.17)
5A North Hyper-stable CPUE (ß = 0.8) 0.47 (0.39,0.56) 0.15 (0.13,0.17)
5A North Low steepness (h=0.6) 0.47 (0.39,0.56) 0.15 (0.13,0.17)
5A North M prior (μ = 0.14, cv = 0.2) 0.64 (0.5,0.79) 0.23 (0.18,0.29)
5B Base case 0.53 (0.39,0.71) 0.15 (0.12,0.22)
5B Hyper-stable CPUE (ß = 0.5) 0.53 (0.39,0.73) 0.15 (0.12,0.2)
5B Hyper-stable CPUE (ß = 0.8) 0.52 (0.38,0.7) 0.15 (0.12,0.2)
5B Low steepness (h=0.6) 0.53 (0.39,0.7) 0.17 (0.14,0.23)
5D Base case 0.23 (0.2,0.28) 0.15 (0.13,0.17)
5D Hyper-stable CPUE (ß = 0.5) 0.2 (0.16,0.25) 0.14 (0.12,0.16)
5D Hyper-stable CPUE (ß = 0.8) 0.23 (0.19,0.27) 0.15 (0.13,0.16)
5D Low steepness (h=0.6) 0.22 (0.19,0.27) 0.17 (0.15,0.19)
5D M prior (μ = 0.14, cv = 0.2) 0.32 (0.25,0.44) 0.2 (0.17,0.26)

3. RESULTS

3.1 Operating model runs

The stock assessment model applied to up-to-date fishery data produced reasonable fits to updated CPUE
(Appendix A, Figures A-1 to A-4), and produced similar outputs to the most recent stock assessments
for comparable time spans (Figure 5).

In PAU 5B, the spawning stock biomass continued to rebuild under the current TACC of 90 t, to a level
of above 50% (posterior median 53%; 95% confidence interval (c.i.): 39–71%) of virgin spawning stock
biomass (SSB0; Table 3, Figure 5). This result was irrespective of the sensitivity applied—all sensitivities
led to similar biomass levels (Table 3, Figure A-7), but different estimates of natural mortality (Table 3,
Figure A-11).

For PAU 5A South, the assessment model suggested that the spawning stock biomass level is likely
slightly above 40% of SSB0 (posterior median 43%, 95% c.i.: 34–59%; Table 3), with a steady or slightly
declining trend. As for PAU 5B, sensitivities did not change this conclusion (Table 3, Figures A-7, A-11),
although the sensitivity with high non-linearity (i.e., β = 0.5) between CPUE and abundance did not
converge.

In PAU 5A North, the assessment model outcome was highly dependent on assumptions about natural
mortality (Table 3, Figure A-10), but all status estimates suggested a relative spawning stock biomass
level of above 40% of SSB0 (posterior median 47%, 95% c.i.: 39–56%; Table 3, Figure 5).

For PAU 5D, for which the most recent assessment dated back to 2012, the current model suggested
continued low biomass at just above the soft limit (posterior median 23%, 95% c.i.: 20–28%, Table 3),
with a slight upward trend in the last two years. As for PAU 5A North, the prior for M affected the
outcome, with the empirical prior for M giving a more optimistic estimate for the current status (posterior
median 32%, 95% c.i.: 25–44%; Table 3).
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Figure 5: Estimated posterior distributions for pāua spawning stock biomass relative to virgin spawning
stock biomass (SSB0) from base-case simulation runs in sub-areas of quota management area 5 (PAU 5).
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Table 4: Control rule settings for different sub-areas in pāua quota management area (QMA) 5, derived
from consultation with PAU 5 stakeholders. Parameters correspond to catch-per-unit-effort (CPUE) limits
(C1–5), catch limits (L1–3) and total allowable commercial catch increase (P1) when CPUE is estimated to
be above the highest catch plateau (defined between C4 and C5). (For an illustration of limits see Figure 6.)

QMA Parameter setting
C1 C2 C3 C4 C5 L1 (t) L2 (t) L3 (t) P1

5A South 16 25 32 42 48 36 48 61 90
5A North 16 25 32 42 48 46 58 70 90
5B 16 25 32 42 48 80 90 100 90
5D 16 27 32 42 48 62 72 89 90

3.2 Consultation and agreed management procedures

Stakeholders were inclined to adopt a management procedure as long as it guaranteed conservative de-
cision making with respect to biomass levels. Many of the stakeholders advocated high biomass levels
and low exploitation rates as insurance against uncertainty and assurance of a steady fishery. In the con-
sultation process, the Shiny application was used to communicate potential outcomes of management
procedures, and the stakeholders’ conservative goals were emulated in the application by putting low
weight on catch performance metrics, and high weight on CPUE and biomass metrics.

Consultation with stakeholders of all PAU 5 QMAs resulted in a set of control rules to be evaluated
(Figure 6, Table 4). The set of rules was generally the same for all QMAs, with identical CPUE reference
points, reflecting the stakeholders’ idea that all PAU 5 fisheries ought to be able to operate at similar
catch rates. The catch-rate reference points correspond to three levels with QMA-specific settings for
total commercial catch within each QMA (Figure 6, Table 4). The rule can be written as:

TACC (t) =



0, if CPUEo
obs ≤ C1

L1CPUE
o
obs−C1

C2−C1 , if C1 < CPUEo
obs ≤ C2

L1, if C2 < CPUEo
obs ≤ C3

L2, if C3 < CPUEo
obs ≤ C4

L3, if C4 < CPUEo
obs ≤ C5

L3(1.+ 0.5 ∗ CPUEo
obs−C5

P1−C5 ), if C5 < CPUEo
obs,

where CPUEo
obs is the observed offset CPUE (i.e., the predicted offset CPUE with observation error in

MPE simulations; all other parameters are defined in Table 4 and illustrated in Figure 6).

For PAU 5B and 5D, the middle catch level was set close to last reported catch, reflecting shelving of
20% of the TACC in PAU 5D for the 2014–15 fishing year, and fishing at the TACC in PAU 5B. In
PAU 5D, the lower plateau was set at the current (2015–16 and 2016–17) shelving levels of 30%, but
options with a lower catch limit were also explored for this level in PAU 5D.

For PAU 5B, the rule included a region with suggested commercial catch higher than the current TACC.
While the MP is currently only set to operate within the TACC, this feature was incorporated to let
stakeholders explore the potential for requesting a TACC increase and potential consequences of such
an increase. Similarly, in PAU 5A, the sum of catches in the control rule was allowed to be substantially
higher than the fished proportion (70%) of the current TACC, which would allow exploring the potential
for unshelving part of the long-running 30% shelving.

3.3 Management procedure evaluation

The management procedure evaluation suggested that the proposed rules would likely lead to biomass
levels above 40% of SSB0 for all QMAs but PAU 5D (Table 5). In all cases, scenarios with reduced future
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Figure 6: Control rules proposed for sub-areas of pāua quota management area (QMA) 5, as suggested by
PAU 5 stakeholders. Control rules have three catch levels, with the middle level near current commercial
take. Levels are delimited by previously agreed catch-per-unit-effort (CPUE) thresholds.

recruitment (i.e., with a mean recruitment set at 60% of past average levels), led to the most pessimistic
outcomes for nearly all performance metrics. However, only in PAU 5D did this scenario lead to a high
probability of reaching the soft limit of 20% of SSB0. Nevertheless, in all QMAs, this scenario led to
marked declines in simulated biomass and CPUE levels under the proposed rules. But even under these
scenarios of stock decline, the decline is relatively slow and would likely trigger a timely science and
management review to respond to changes in the fishery.

3.3.1 PAU 5A

Managing under the proposed control rules (Table 4) would likely lead to increases in biomass, with
spawning stock biomass levels 40–50% of SSB0 for each sub-component of this QMA (Table 5). This
increase may lead to the possibility of reductions in shelving over time, although the sum of both average
TACC levels (105 t, 95% c.i.: 91–124) under this assumption rarely approached the current TACC of
148 t in the simulations (Figure 7). This finding suggests that the current TACC may be too high and not
compatible with low risk and high biomass management objectives in PAU 5.

The probability of biomass levels below soft or hard limits was low under the proposed rule, with a
relatively steady biomass and CPUE (Figure 7). An increase in natural mortality led to the “worst-case”
outcomes for most performance measures, and may lead to declines in biomass and average CPUE under
the control rule. Nevertheless, there were no scenarios that led to a risk of exceeding the hard or soft
limit (Table 4).

3.3.2 PAU 5B

In PAU 5B, base case simulations under the proposed rule lead to further increases in biomass (Figure 8,
Table 5). In this scenario, the TACC could theoretically increase as biomass continues to increase from
present-day levels, until an apparent equilibrium is reached at about 60% of SSB0 at a TACC of around
110 t and a CPUE near 50 kg/h. The lower bound for TACC, CPUE and biomass levels in PAU 5B in the
base case simulations was close to 2014–15 levels (Figure 8), with a markedly low risk of exceeding soft
(20% of SSB0) or hard (10% of SSB0) limits. Results for PAU 5B were most affected by a hypothetical
increase in natural mortality (Table 5), but even under worst-case scenarios, all performance indicators
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Figure 7: Time series of simulated relative biomass (in proportion of virgin spawning stock biomass SSB0),
observed catch-per-unit-effort (CPUE) and total allowable commercial catch (TACC) for base-case simula-
tions in pāua quota management sub-area PAU 5A South (top row) and North (bottom row).

stayed near or above current levels.

3.3.3 PAU 5D

Results for PAU 5D suggested that a control rule with the lower catch level (L1) at 70% of the current
TACC would likely support current plans to retain this level of shelving to allow rebuilding (Figure 9,
Table 5). The stock rebuilding is projected to be slow but steady under this rule, with biomass likely
remaining below 40% of SSB0 over the simulated period.

Further reductions in catch and slower increase of catches during the rebuild would, therefore, be needed
to accelerate rebuilding (Figure 9, see also best-case scenarios in Appendix C, Table C-2) and reduce
uncertainty in rebuilding trajectories. This is illustrated by two alternative control rules that are shown
here for illustrative purposes (Figure B-13, Table B-1). The alternative control rules set more conser-
vative harvest levels around a lower catch plateau corresponding to approximately 40% (40-30-20 rule)
and 50% (50-30-20 rule) shelving, with progressive unshelving to 30% and 20%. CPUE limits were also
moved so as to delay unshelving and aid rebuilding. Under these rules, rebuilding is accelerated and
biomass approaches target levels of 40% of SSB0.

For most sensitivities, the likelihood of the SSB declining below soft or hard limits remains low. Nev-
ertheless, a scenario of recruitment failure led to a high likelihood of the stock falling below the soft
limit of 20% of SSB0 (Table 5). Furthermore, increased recreational catch levels (e.g., recreational catch
increases to twice its currently assumed amount of 22 t), the commercial catch declines by up to 12 t to
allow rebuilding (Table C-2).
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Table 5: Management procedure outcomes for sub-areas in pāua quota management area 5. Reported are
base-case outcomes and outcomes from the simulation scenario that produced the worst outcome for each
performance metric.

QMA Base case Sensitivity

Metric Median (5%, 95%) Metric Median (5%, 95%)

5A South Average Biomass 0.98 (0.86,1.18) mRdev (mRdev=0.6) 0.71 (0.65,0.81)
5A North Average Biomass 1.06 (0.94,1.32) mRdev (mRdev=0.6) 0.76 (0.71,0.88)
5B Average Biomass 1.3 (1.08,1.71) mRdev (mRdev=0.6) 0.91 (0.77,1.12)
5D Average Biomass 1.49 (1.26,2.06) mRdev (mRdev=0.6) 0.88 (0.82,1.07)
5A South Minimum Biomass 0.88 (0.72,0.96) mRdev (mRdev=0.6) 0.54 (0.46,0.67)
5A North Minimum Biomass 0.96 (0.79,1.01) mRdev (mRdev=0.6) 0.58 (0.51,0.73)
5B Minimum Biomass 1.05 (0.97,1.13) mRdev (mRdev=0.6) 0.71 (0.55,0.99)
5D Minimum Biomass 1.08 (1.03,1.13) mRdev (mRdev=0.6) 0.69 (0.6,0.84)
5A South P(SSB < 0.2SSB) <0.005 (0,-)
5A North P(SSB < 0.2SSB) <0.005 (0,-)
5B P(SSB < 0.2SSB) <0.005 (0,-)
5D P(SSB < 0.2SSB) <0.005 (0,-) mRdev (mRdev=0.6) 0.75 (0.2,0.95)
5A South P(SSB < 0.1SSB) <0.005 (0,-)
5A North P(SSB < 0.1SSB) <0.005 (0,-)
5B P(SSB < 0.1SSB) <0.005 (0,-)
5D P(SSB < 0.1SSB) <0.005 (0,-)
5A South Relative Biomass at 10y 0.45 (0.33,0.68) mRdev (mRdev=0.6) 0.29 (0.22,0.44)
5A North Relative Biomass at 10y 0.51 (0.4,0.65) mRdev (mRdev=0.6) 0.33 (0.25,0.42)
5B Relative Biomass at 10y 0.66 (0.51,0.98) mRdev (mRdev=0.6) 0.44 (0.34,0.6)
5D Relative Biomass at 10y 0.31 (0.24,0.45) mRdev (mRdev=0.6) 0.16 (0.13,0.23)
5A South Relative Biomass at 5y 0.43 (0.34,0.62) mRdev (mRdev=0.6) 0.36 (0.29,0.52)
5A North Relative Biomass at 5y 0.48 (0.39,0.59) mRdev (mRdev=0.6) 0.41 (0.33,0.49)
5B Relative Biomass at 5y 0.61 (0.47,0.82) mRdev (mRdev=0.6) 0.5 (0.4,0.63)
5D Relative Biomass at 5y 0.29 (0.22,0.38) mRdev (mRdev=0.6) 0.21 (0.17,0.27)
5A South Minimum Catch 44.8 (44.43,56.8) mRdev (mRdev=0.6) 21.4 (10.35,40.85)
5A North Minimum Catch 37.2 (37.2,49.2) mRdev (mRdev=0.6) 11.28 (0,35.82)
5B Minimum Catch 90 (90,90) mRdev (mRdev=0.6) 80 (35.02,90)
5D Minimum Catch 62 (50.65,62) mRdev (mRdev=0.6) 18.82 (5.44,43.37)
5A South Average Catch 55.65 (48.4,64.97) mRdev (mRdev=0.6) 40.84 (34.3,49.02)
5A North Average Catch 49.8 (43.2,58.53) mRdev (mRdev=0.6) 34.36 (27.14,42.19)
5B Average Catch 100.2 (90.5,115.4) mRdev (mRdev=0.6) 86.17 (71.92,95)
5D Average Catch 78.65 (69.03,97.19) mRdev (mRdev=0.6) 44.78 (35.69,60.13)
5A South Minimum CPUE 31.62 (25.56,35.51) mRdev (mRdev=0.6) 19.87 (17.24,24.36)
5A North Minimum CPUE 33.24 (27.17,36.56) mRdev (mRdev=0.6) 20.85 (18.24,25.55)
5B Minimum CPUE 38.38 (33.28,42.7) mRdev (mRdev=0.6) 25.76 (20.02,36.83)
5D Minimum CPUE 29.21 (26.82,31.75) mRdev (mRdev=0.6) 19.56 (17.11,23.27)
5A South Average CPUE 35.56 (30.33,43.49) mRdev (mRdev=0.6) 25.82 (23.37,29.88)
5A North Average CPUE 37.34 (31.85,46.86) mRdev (mRdev=0.6) 26.74 (24.53,31.27)
5B Average CPUE 47.93 (37.25,61.94) mRdev (mRdev=0.6) 33.45 (27.03,41.92)
5D Average CPUE 41.44 (33.86,58.64) mRdev (mRdev=0.6) 24.54 (22.48,29.34)
5A South Number of TACC changes 6 (3,12) mRdev (mRdev=0.6) 13 (7,17)
5A North Number of TACC changes 7 (3,14) mRdev (mRdev=0.6) 13 (7,17)
5B Number of TACC changes 12 (3,17) Catchability (rq = 1.5%) 15 (7,19)
5D Number of TACC changes 10 (4,17) mRdev (mRdev=0.6) 16 (12,18)
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Figure 8: Time series of simulated relative biomass (in proportion of virgin spawning stock biomass SSB0),
observed catch-per-unit-effort (CPUE) and total allowable commercial catch (TACC) for base-case simula-
tions in pāua quota management sub-area PAU 5B.

4. DISCUSSION

The present project was designed to provide the PAU 5 fisheries with the opportunity to trial management
procedures that formalise some of the decision making currently used on an annual basis at AGMs. The
pāua fishing industry works within the TACC to self-manage stocks by shelving (i.e., not fishing) portions
of its quota and increasing minimum harvest sizes (i.e., agreed minimum sizes) regionally. Furthermore,
web-based dashboards have recently been introduced that enable different levels of data sharing in the
different QMAs. In addition, fishers in PAU 2 have agreed rules to indicate small-scale statistical areas
based on catch and CPUE relative to past catch/CPUE. These rules do not lead to mandatory closures;
they are supposed to initiate discussion and potential voluntary closures of identified areas. These meas-
ures are often intended to aid rebuilding and increase catch rates to desired levels.

The MP framework can thus be seen as a more formal tool in a set of measures used by the industry
to enhance sustainability. The advantage of the MP framework is that the likely response in terms of
biomass- and catch-related indicators can be explicitly simulated to assess the utility of a management
procedure. For instance, in PAU 5D, the MPE suggested that the current level of catch and the proposed
control rule would lead to relatively slow rebuilding towards target biomass levels.

Elicitation of control rules can proceed in more formal ways than performed in the current study. Al-
though it was initially proposed that a more formal elicitation process may be necessary to identify man-
agement objectives (e.g., a Delphi process), it was apparent at the meetings that stakeholders were willing
to delegate the quantitative aspects of the assessment, as long as their goal for conservative management
was met. Another important aspect for stakeholders was the reliability of the MPE projections under
scenarios of variable harvest sizes and other scenarios, such as changes in the areas fished (e.g., through
the establishment of marine reserves). Although future development of the MPE can account for these
aspects, the evaluation of the proposed MPs is subject to the same uncertainties as the stock assessment.
The uncertainties related to highly uncertain estimates of recreational, customary, and illegal catch, as
well as unknown but potentially substantial bias from the assumption of a single stock within each QMA
(or sub-area in PAU 5A).

Pāua (Haliotis iris) populations are likely structured as meta-populations, meaning they are made up of
a series of small-scale populations connected by limited dispersal (Prince 1989, McShane 1998, Prince
2005). To date, biological data are not available on these scales, and populations in individual quota
management areas are currently managed as single stocks using TACs and minimum legal sizes (MLS).
Assessments are performed on a three-yearly basis in most QMAs (e.g., Fu 2012), although, to date, not
all QMAswith large fisheries have been formally assessed. Thus, although it is well understood that pāua
populations are highly spatially structured, assessments to date are limited by the scale of available data.
While recently developed methods involving data-loggers for the pāua fishery provide CPUE and other
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Figure 9: Time series of simulated relative biomass (in proportion of virgin spawning stock biomass SSB0),
observed catch-per-unit-effort (CPUE; kg per hour) and total allowable commercial catch (TACC; kg) for
base-case simulations in in pāua quota management sub-area PAU 5D (top row), and rebuilding scenarios
under the alternative control rules (outlined in Figure B-13 and Table B-1). The alternative control rule set
more conservative harvest levels around a lower catch plateau corresponding to approximately 40% (40-30-
20 rule; middle row) and 50% (50-30-20 rule; bottom row) shelving, with progressive un-shelving to 30%
and 20%. CPUE limits were also moved so as to delay un-shelving and aid rebuilding.
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performance metrics on small scales (Neubauer & Abraham 2014, Neubauer et al. 2014), the assessment
methodology is currently not adapted to process spatially structured data.

Internationally and within New Zealand, few MPEs have been performed for abalone MPs. Haddon &
Helidoniotis (2013) investigated the effect of different large-scale (e.g., QMA-scale) legal size limits on
small-scale pāua stocks in Tasmania, Australia. They found that single size limits tend to overprotect a
range of stocks, but allow other sub-populations to be overfished. This result reflects results from other
studies (Prince 2005, McShane & Naylor 1995), which collectively suggest that abalone (and pāua)
management strategies should account for the metapopulation structure of the resource. For MPs in
general, Butterworth & Punt (1999) suggest that MPs developed for spatially structured stocks based on
the assumption of a single stock may perform poorly. This notion suggests potential limits for the present
study, and a future priority should be to move the assessment and MPE framework towards a spatially
explicit structure.

Nevertheless, a spatially explicit assessment and MPE model may lead to additional complexity, both
in terms of model fitting and complexity of spatially explicit control rules. In recent research for an
MPE in the PAU 7 fishery, Helidoniotis & Haddon (2015) explored management strategies to aid the
recovery of this fishery from low biomass levels. Their operating model includes an arbitrary (e.g.,
40 stocks) spatial structure, and the model is conditioned to data using empirical methods rather than
statistical model fitting. However, despite attempts to use all available data to condition the model, the
lack of statistical model fitting has led to difficulties in reproducing observed trends even in qualitative
ways, thus reducing confidence in the predictions from the model. The design and implementation of an
appropriate operating model for pāua MPEs is thus an important question that needs addressing.

While it is desirable that operating models are fit to data in the same way that stock assessments are,
this fitting has not always been the case in MPEs (Haist & Middleton 2014, Haddon & Helidoniotis
2013, Bentley et al. 2003a). For this reason, there is potential that MPEs provide misleading results,
because parameter estimates are context-dependent. For example, estimates of life-history parameters
may be scale-dependent, and applying a model estimated over a large scale to small-scale stocks may,
therefore, not be appropriate. The challenge is to produce an operating model that accounts for spatially
variable demographic rates, yet remains tractable for statistical model fitting (Butterworth & Punt 1999,
Rademeyer et al. 2007).

Although CPUE is often related to abundance on small spatial scales (Prince 1989, Abraham&Neubauer
2015), this relationship does not necessarily lead to unbiased CPUE on larger scales (Dowling et al.
2004, Prince 1989). Based on potential bias from spatial resource use, pāua aggregating behaviour and
other influences on catch rates, CPUE has in the past not been considered a reliable indicator of abalone
abundance in Tasmania and other regions (Prince&Hilborn 1998, Dowling et al. 2004). Biased estimates
of biomass can lead to poor performance in selectedMPs (e.g., Wiedenmann et al. 2013, Punt et al. 2001)
if this bias is not accounted for in MPEs. Nevertheless, some studies show that adding length-based
indicators considerably improves the performance of empirical MPs (Prince et al. 2011, Punt et al. 2001,
Bedford et al. 2013). Although commercial length-frequency (LF) data are available for pāua in most
QMAs, it is unclear whether LF data have value as an empirical performance measure. This uncertainty
is related to minimum harvest sizes that are often region specific, and to targeting behaviour that can
change depending on market demand for particular products. Nevertheless, length-based indicators may
prove a valuable addition, especially in the context of a more spatial approach to assessing stocks and
MPs.
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APPENDIX A: DIAGNOSTICS AND SENSITIVITIES
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Figure A-1: Summaries of model fit to catch-per-unit-effort (CPUE) in pāua quota management sub-area
PAU 5A South (PCELR, Pāua Catch Effort Landing Return). CPUE standardisation model fit (top row)
for standard (left) and offset (right) CPUE, maximum posterior density (MPD) fits to standardised CPUE
(middle row, left; predicted CPUE in blue, standardised index with standard errors in yellow), standardised
normal residuals (SDNR) fromMPD fits (middle row, right), Markov chainMonte Carlo (MCMC) fits (thick
dark line, posterior median; 95% confidence interval light grey; five individual random draws from the
distribution as thin dotted or dashed lines).
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Figure A-2: Summaries of model fit to catch-per-unit-effort (CPUE) in pāua quota management sub-area
PAU 5A North (PCELR, Pāua Catch Effort Landing Return). CPUE standardisation model fit (top row)
for standard (left) and offset (right) CPUE, maximum posterior density (MPD) fits to standardised CPUE
(middle row, left; predicted CPUE in blue, standardised index with standard errors in yellow), standardised
normal residuals (SDNR) fromMPD fits (middle row, right), Markov chainMonte Carlo (MCMC) fits (thick
dark line, posterior median; 95% confidence interval light grey; five individual random draws from the
distribution as thin dotted or dashed lines).
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Figure A-3: Summaries of model fit to catch-per-unit-effort (CPUE) in pāua quota management sub-area
PAU 5B (PCELR, Pāua Catch Effort Landing Return). CPUE standardisation model fit (top row) for stand-
ard (left) and offset (right) CPUE, maximum posterior density (MPD) fits to standardised CPUE (middle
row, left; predicted CPUE in blue, standardised index with standard errors in yellow), standardised nor-
mal residuals (SDNR) from MPD fits (middle row, right), Markov chain Monte Carlo (MCMC) fits (thick
dark line, posterior median; 95% confidence interval light grey; five individual random draws from the
distribution as thin dotted or dashed lines).
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Figure A-4: Summaries of model fit to catch-per-unit-effort (CPUE) in pāua quota management sub-area
PAU 5D (PCELR, Pāua Catch Effort Landing Return). CPUE standardisation model fit (top row) for stand-
ard (left) and offset (right) CPUE, maximum posterior density (MPD) fits to standardised CPUE (middle
row, left; predicted CPUE in blue, standardised index with standard errors in yellow), standardised nor-
mal residuals (SDNR) from MPD fits (middle row, right), Markov chain Monte Carlo (MCMC) fits (thick
dark line, posterior median; 95% confidence interval light grey; five individual random draws from the
distribution as thin dotted or dashed lines).
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Figure A-5: Estimated posterior distributions for spawning stock biomass relative to virgin spawning stock
biomass SSB0 from sensitivity runs in pāua quota management sub-area PAU 5A South.
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Figure A-6: Estimated posterior distributions for spawning stock biomass relative to virgin spawning stock
biomass SSB0 from sensitivity runs in pāua quota management sub-area PAU 5A North (M, natural mor-
tality).
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Figure A-7: Estimated posterior distributions for spawning stock biomass relative to virgin spawning stock
biomass SSB0 from sensitivity runs in pāua quota management sub-area PAU 5B.
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Figure A-8: Estimated posterior distributions for spawning stock biomass relative to virgin spawning stock
biomass SSB0 from sensitivity runs in pāua quota management sub-area PAU 5D (M, natural mortality).
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Figure A-9: Estimated posterior distributions for natural mortality M from sensitivity runs in pāua quota
management sub-area PAU 5A South.
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Figure A-10: Estimated posterior distributions for natural mortality M from sensitivity runs in pāua quota
management sub-area PAU 5A North, compared with prior distributions (blue line).
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Figure A-11: Estimated posterior distributions for natural mortality M from sensitivity runs in pāua quota
management sub-area PAU 5B.
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Figure A-12: Estimated posterior distributions for natural mortality M from sensitivity runs in pāua quota
management sub-area PAU 5D, compared with prior distributions (blue line).
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APPENDIX B: ALTERNATIVE RULES TO ACCELERATE REBUILDING IN PAU 5D

Table B-1: Alternative control rules that lead to accelerated rebuilding inmanagement procedure evaluation
simulations for pāua quota management area (QMA) PAU 5D. Parameters correspond to catch-per-unit-
effort (CPUE) limits (C1–5), catch limits (L1–3) and total allowable commercial catch increase (P1) when
CPUE is estimated to be above the highest catch plateau (defined between C4 and C5). The alternative con-
trol rules set more conservative harvest levels around a lower catch plateau corresponding to approximately
40% (40-30-20 rule) and 50% (50-30-20 rule) shelving, with progressive un-shelving to 30% and 20%. CPUE
limits were also moved so as to delay un-shelving and aid rebuilding. (Note these scenarios are for illustrative
purposes only.)

QMA Parameter setting
C1 C2 C3 C4 C5 L1 (t) L2 (t) L3 (t) P1

40-30-20 16 27 42 45 48 56 64 74 90
50-30-20 16 27 42 45 48 44 64 74 90
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Figure B-13: Alternative control rules that lead to accelerated rebuilding in management procedure evalu-
ation simulations for pāua quota management area (QMA) PAU 5D. Control rules have three catch levels,
with the middle level near current commercial take (CPUE, catch-per-unit-effort). Alternative control rules
set more conservative harvest levels around a lower catch plateau corresponding to approximately 40%
(40-30-20 rule) and 50% (50-30-20 rule) shelving, with progressive un-shelving to 30% and 20%.
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