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1. Abstract

Harvest Control Rules (HCRs), key components difdiies management strategies, are used to
calculate recommended catch levels given estinaftpsesent stock status or levels of fishing
mortality. The performance of HCRs when confronteith spatial variability, either from
population dynamics, fishery operations, or in datiéection, are poorly understood. Australia’s
Southern and Eastern scalefish and shark fishé&t$$%) uses a tier framework of HCRs, with
the choice of which Tier rule to apply for a spscreflecting the uncertainty in available
information on stock status.

A Management Strategy Evaluation (MSE) approacdsisd to evaluate the performance of a
‘data-poor’ (Tier 3) HCR, which uses informatioorn the age structure of the catch only, when
applied to the fishery for blue eye trevalldlyperoglyphe antarctiga a long-lived, late-
maturing species exhibiting spatial variability teutially a result of structure in the population
dynamics. Several versions of the Tier 3 HCR astetk varying in the types of reference points
used to determine management actions, and in thespatial variability is accounted for when
setting catch limits.

Results suggest effective implementation of the H@Rchallenging, and requires appropriate
choice of reference points and estimators. Spdigdggregation of data leads to uncertain
estimates of current mortality. However, approgriateighting of spatial estimates of stock
status leads to improved conservation of the resoover ‘pooled data’ approaches. Variability
in performance measures are dominated by unceesirdgarding whether the assumed value
for the rate of natural mortality is correct or not, and the true value for the mtess of the
stock-recruitment relationship. Indeed, simulatetcomes are sensitive to many uncertainties
inherent to an information-poor, spatially-hetenogeus resource. Additional considerations
besides the HCR should be taken to achieve a degmecautionary result in contrast to the

situation for more data-rich scenarios.

2. Introduction

Harvest strategies (often termed Management Proesdare well recognized as effective tools
for conservation of natural resources and have lbgplied widely in fisheries management,
principally in output control, data-rich fisheri€s.g. Butterworth et al. 1997, Butterworth and
Punt 1999, Cooke 1999, Kell et al. 1999, 2005).vestr strategies consist of the following
components: data collection schemes, assessmehbasetand harvest control rules (HCRS).
The latter translate stock indicators from stockeasments into specifications for management
actions €.g. Restrepo and Powers 1999). A successful HCR shprddide an appropriate

response to deviations from management targetsylhest to key uncertainties, and emphasize
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precautionary action given uncertainty. The lafiemt is particularly important for so-called
‘data-poor’ situations, when the reliability of skoindicators is likely questionable. Simulation
methods using a Management Strategy Evaluation (Mfplproach are well-developed, and
offer powerful tools for comparing the performamueHCRs €.g. De Oliveira et al. 2008,
Butterworth and Punt 1999, Smith et al. 1999).

The blue eye trevallddyperoglyphe antarctigas a high-valued species in Australia’s Southern
and Eastern Scalefish and Shark fishery (SESSF) fishery for this long-lived, late-maturing
species is characterized by a large number of tygas operating in a range of areas, with
uncertainty in stock structure, apparent spatidlseasonal variability in availability of different
age classes, and low levels of sampling effort &ctbe fishery (Smith and Wayte 2002, Fay
2007). Scientific advice for management in the SE$&kes the form of a Recommended
Biological Catch (RBC) for each quota species (idoig blue eye trevalla) for the entire
fishery to inform the setting of the Total AllowabCatch (TAC) (Smith et al. 2008). At present,
the TAC for blue eye applies across the fishergabee there are few measures in place to
allocate the TAC spatially(a separate TAC is applied for one sector of isleefy, the trawl
fishery in the Great Australian Bight (GAB)).

The SESSF adopted a formal harvest strategy framke(iASF) as a basis for setting RBCs in
2005 (Smith and Smith 2005, Smith et al. 2008) sThamework is based on a tier system of
HCRs, with the decision as to which tier a particidtock is placed in depending on the type of
information available on which to base a stockustadetermination. The tier framework is
intended to follow the precautionary approach hiit ttontrol rules should lead to lower RBCs,
and result in maintaining the stock at higher Isvef spawning biomass on average as
information quality declines and progression thtoube tiers proceeds. The SESSF harvest
strategies specify a biomass lewgly (currently 20% of unfished spawning biomass), Welo
which targeted fishing should cease, and a targ@ndss Brars. The HCRs operate by
specifying a maximum fishing mortality rate thafides overfishing ), and a target fishing
mortality rate that defines optimum utilizatiofrfrc). Accounting for increasing uncertainty in
stock status is reflected in the application otdists to catch — the use of which is intended to
achieve the same end as a decrease in the tasigiegfimortality rate as uncertainty about stock

status increases.

! Catches by blue eye in the trawl fishery in thea&®rAustralian Bight (GAB) are not included in the
SESSF TAC, although the catch by other gears mdhta are. This is hot a major sector of the fishe
catches by trawl in the GAB have been at most erotider of 1-2% of the annual total catch for teye

in the SESSF.
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The “Tier 3" HCR has been applied to blue eye titava his HCR is designed for stocks for
which there exists no estimate of current biombaswhere an estimate of the current fishing
mortality rate Fcyr, is available, most frequently from the resultsatich curve analysis applied
to age composition data. The Tier 1 HCR is for est information-rich case, and involves
calculating RBCs from the results of fitting andgtated stock assessment modet).(Stock
Synthesis, Methot 2007) to the available data. As HSF was not tested before being
implemented, it is not clear how well the tier famork of HCRs performs, and indeed whether
scientific advice for management is more precaatiprior species managed using the Tier 3
HCR, than would be the case had the species beemida and managed under Tier 1. Finally,
it is not clear how best to cope with possibly d¢ietihg information from multiple areas and

gear types.

This paper uses MSE to assess the performance dfiéh 3 HCRs for blue eye trevalla given
key uncertainties. Implementation of MSE typicalyolves assessing the consequences of a
range of management options, and transparentlys dedh trade-offs among performance
criteria given a specified set of management obvest The performance of HCRs is assessed
based on how well they meet management targetslgedtives, including risk specifications.
The performance of several variants of the TierGRHhat use different specifications for the
various reference points and/or utilize differerstiraation methods are compared. These
alternatives increase correspondence with the TiEICR, and include calculation of biomass
estimates and assumptions regarding the stockiment relationship, negating the need for
the RBC to rely directly on previous year’s catekidls. HCR performance is considered both
when there is no spatial structuring of the popotar fishery, and when there exist two
regions in which the fishery operates, with undetyarelated to exploitation pattern and
selectivity by region, and also given differentuasgtions regarding the spatial structure and

degree of mixing of the fished stock between regjion

Emphasis is placed on presenting key results ansbdstrating HCR behaviour given different
approaches regarding how to improve the performarak precautionary nature of the tier
framework. Comparisons with data-rich scenariospaesented for some cases. While the MSE
is restricted to a case study of a single speaidsfiahery, the nature of the studied resource is
relevant to other fished populations, and the disian outlines general points that may be taken
into account when applying these methods to otps&tems, particularly when faced with issues

related to spatial uncertainty, either with respiedhe resource or the fishery.
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3. Methods

3.1 Simulation protocol
Performance of the HSF for blue eye is evaluatéuus simulation modelling framework that

incorporates feedback between the HCR and the gtpualdynamics. Attention is focused in
this section on describing the HCRs and the varionsdifications made to their
implementation, rather than describing the techndesails of the operating model, which are
provided in full in Appendix 1. The general approamn which the operating model is based
consists of tuning a spatial age-structured modetepresent a set of hypotheses for the
dynamics of the blue eye trevalla population astidiy. The values for the parameters of the
operating model are not based on the results dfoek sassessment, as no model for the
population dynamics exists at present for blueipythe SESSF. Rather, values for parameters
were either sourced from the literature, or deriviedpreliminary estimation and trial and error

analyses in order to mimic the general charactesisf the available data for blue eye.

The operating model is projected over a histogealod given the known catch history for blue
eye, and age-composition data are generated gheikrtown ‘true’ population. The chosen
HCR is then used to determine the RBC for the Valhg year(s), given an estimation method
(catch curve analysis) and the selected paramewrsrning the HCR. The RBC is then
allocated to fleet and region within the operatingdel, the population size is updated given
this new catch, and additional data are generdteid. assessment / population update cycle is
repeated for 20 years, with annual assessment oating of the RBC. Acenario is defined

as the combination of a set of parameter valuesHeroperating model, a data collection
scheme, and a specific version of the Tier 3 HCRe Gundred simulations were conducted for
each scenario, each differing due to process érrithre population dynamics, observation error
when generating the age-composition data, and @gsociated with implementation of the
estimation method and application of the HCR series of summary statistics is calculated at
the end of the projection period. The summary stiasi for each simulation are further analysed

to derive a set of performance measures, whichised to compare results among scenarios.

3.2 Operating model
The operating model consists of an age-structugullption dynamics model that can be

parameterised to include spatial regions (with moset of fish among regions), and multiple
fleets, to capture key dynamics for blue eye tlavaFull technical specifications for the

operating model are detailed in Appendix 1. Anadysetailed in this chapter consider two

2 The results obtained from 100 simulations were ostmidentical to those obtained when 1,000
simulations were used to characterise a scenaris $obset of the scenarios described.
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versions of the operating model: (a) a single patah occupying a single region and exploited
by a single fishing fleet, and (b) a population wqmgng two regions with movement between
regions, and exploited by one or two fishing fle@tith different selectivity patterns). Several

parameterizations of each version of the operatimagiel are considered to investigate the
implications of key uncertainties. The parametédig@aof the operating models, along with the
values for biological parameters for blue eye cdasid for the various scenarios, are given in

Tables 1 and 2, and Figure 1.

Scenarios using the two-region version of the madeldesigned to mimic general assumptions
regarding the nature of the blue eye trevalla fighether than the actual spatial structure. Two
‘continental slope’ regions with differing expldii@an histories are assumed, with levels of stock
mixing between the two regions, ranging from fuliximg, in that the impacts of spatial

variability are minimal, to almost no mixing, indiing a high degree of spatial structuring in
the blue eye population. Spatial differences inytaion responses to exploitation are more
likely to be observed under the latter scenarice Tégional catch histories used to drive the
population dynamics (Figure 1f) are taken fromItdredings data from the relevant zones of the

SESSF, with the geographic split in these datagoestiches taken east and west of Tasmania.

3.3 Harvest strategies
The harvest strategies consist of a data collectreme, a method to estimate the current

fishing mortality rateFcyr, and an HCR. Scenarios are limited to instancesrevthe harvest

strategy is applied every year of the projectioniqee consistent with the current practice of
annual setting of TACs within the SESSF. The twuonf® for the Tier 3 HCR shown in Figure 2
are tested, with two methods for estimatigr Variations of the HCR that utilise different

reference points and have differing data requiremare implemented as outlined below.

3.3.1 Data and estimation methods
Data available for the Tier 3 analyses were limitedishery-dependent age-composition data

(i.e. no index of abundance or fishery-independent datdh an annual multinomial sample
size of 100 allocated by fleet and region in thmearoportions as the annual catck. (the
total sample size was 100). While this sample isizegood deal less than the number of otoliths
that have been aged annually in recent years ta bye (on the order of 500 per year), it is
perhaps unreasonable to think that these data ¢arlgtitute a random sample of size equal to
the number of aged otoliths (e.g. Candy 2008, ¥Mdled Skalski 2006). A random sample of
100 represents a reasonably good sample size figat e hoped for from SESSF species.
Evaluation of HCR performance when sample sizedsiced or not randomly determined from

the catch is not considered in this chapter. Feary of age-composition data were assumed to
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be available to the estimators. Two catch curvenesion methods were employed: (a) the
Chapman and Robson (1960) catch curve estimatoj, (@Rl (b) a multi-year equilibriurf
age-structure based-estimator (MYEF). The estirsadim to estimate total mortality, with
estimation ofF then achieved given an assumed value for the afteatural mortality,M
(denoted “assumeldl” in Tables 1 and 2). For the CR method, catch esinvere applied to the
annual age-composition data, wkayr calculated as an inverse-variance weighted avevhge
the annual estimates. In contrast, MYEF integrates all years, therefore averaging over years

is not required to obtain an estimategfr for this estimation method.
a) Chapman and Robson catch curve estimator (CR)

The CR estimator assumes that the populationesgjuilibrium, and that recruitment is constant

over time. The estimate df from a sample of the age composition for a giyear is:

Z,=In {—Hgyg; 1/nyj (1)

where @, is the mean age (above the recruitment age) osdahwle andh, is the sample size

for yeary. A single estimate o is required to calculate the RBC, and so weiglatezgtages of
estimates o, from the most recent four years of age-compositiata were calculated, with
weighting inverse to the variance estimate for easar:

_Zy
n,e

Var(Z,) = (2)

Catch curve estimators are known to be sensitivihdcage-range of the data used (Chapman
and Robson 1960, Dunn et al. 2002). For the amalgsesented here, the recruitment age was
set at that for which the numbers—at-age were gggawrith the maximum age being determined
from the sample. CR assumes uniform selectivitydges above the recruitment age, likely

biasing estimates of vulnerable biomass when geityas actually dome-shaped.
(b) Multi-year equilibrium F age-structure basediemtor (MYEF)

Estimation ofFcyr using MYEF involves fitting an equilibrium-basegeastructured population
dynamics model to the available age-compositioa,daith the population model being of the

form:



1 ifa=0

N, e if 0< a<100
203 Na = N e_(sa—l F+ M) (3)
a-1 if a=100

[-e")

204  where theN,’s are the numbers-at-ag®,is the (estimated) selectivity at age (assumeleto

205 asymptotic and to follow a logistic curvé),is the estimated rate of fishing mortality, avids
206 the assumed rate of natural mortality. The valees-fand the parameters which defigeare

207 determined by maximizing the following log-likelibd function:

208 InL:ZnyZOy’aln((;\la} 4)
y a

y,a
209 whereO, , is the observed proportions in the sample by ageeary, ny is the sample size for
210 yeary, and Na are the predicted proportions of catch-at-age:
N, =N,/ N,

211 G NSF
° (s,F+M)

(1— exp_(SaHM)) X

212 Maximisation of (4) was achieved using AD Model Ber (ADMB Project 2009). Differences
213 between MYEF and CR are that MYEF accounts forcteiéy, data from all ages are used, and
214  the likelihood is multinomial. Unlike the CR estitog no averaging of annual mortality
215 estimates is necessary to calculate the RBC undéERvbecausé- is calculated using all the

216 available data simultaneously.

217 The scenarios outlined in Tables 1 and 2 includeertainties related to applying the estimation
218 methods. Importantly, the impact of assuming theirect value foM when conducting the

219 estimation is examined.

220 3.3.2 Harvest Control Rules
221 Concern about the performance of the Tier 3 HCRU®en noted following implementation

222 (Klaer et al. 2009). There is concern that theipéfnature of the calculation of RBCs for Tier
223 3 (applying an appropriate multiplier to recentrage catch levels, Figure 2b) could produce a
224  ratchet effect of continually increasing or decieggatches, even though information suggests
225 that the target level has been reached. A reviaegeht control rule (Klaer et al. 2009), which

226 shows consistency with the more data-rich tiersuheterms of reference points, was applied in
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2008 (Figure 2c). Unlike the ‘old’ rule, this ‘newtile does not have a cap on annual catch

increases.

Each of the scenarios outlined in Table 1 weregated using three variants of the Tier 3 HCR
(Figure 2), which differed either by adopting tleéd” or ‘new’ Tier 3 rule, and in the choice for

the target and limit reference points:

1. The shape of the HCR follows the ‘old’ rule (Figutg), withFrare= M,

2. The shape of the HCR follows the ‘new’ rule (Figac), withFrare= 0.5M andFy = M,
and

3. As for 2), but with the reference points adoptingier 1-like approach witlrrare = Fao,
and Fuy = Fyo. (F4 and Fyo are the fishing mortality rates which will resutt [under
equilibrium age structure] spawning biomasses df%4énhd 20% of unfished spawning

biomass [corresponding to tBgsyproxy andB,y under the SESSF Tier 1 HCR]).

The values foM used in the HCRs (and that used to calcufatare the ‘assumeld’ values as
detailed in Tables 1 and 2.

Empirical investigation suggests that the assumptb F,,;, =M is too high for blue eye

trevalla (Figure 3). Walters and Martell (2004) gest F

msy = CM , with values forc including
0.8 in general, but 0.6 or less for commonly fisepdcies (Walters and Martell 2004). For U.S.
west coast groundfish species, the average=i®.62 (MacCall 2007), and so M5vas chosen
for the analyses here to adopt a conservative awintCalculation of,, andF,, depends on the
values for the parameters of the stock-recruitmelationship (assumed to follow a Beverton-
Holt form), and requires estimates of the steepmpesameterth (Mace and Doonan 1988),
information on growth and fecundity, and selecgivit addition to an estimate &. The values
for these reference points used in the HCR wermautzted based on the estimates of selectivity
from the estimators, an assumed valueH@f 0.75, and the ‘correct’ values for growth and
fecundity (Figure l1a-c). In contrast, versions h§l a2) of the Tier 3 HCR rely only on an
estimate ofM to calculate the RBC giveRcyr HOwever, version 3) more appropriately

accounts for biology when determining the likelgpense to fishing.

Calculation of the RBC under version 1) is achielgapplying the appropriate multiplier from
Figure 2b taC.,,, defined as the average catch over the four ywé@ssto the year for which an
RBC is needed. Under versions 2) and 3), the RB&lisulated by first obtaininggsc given

Figure 2c, and applying the formula:
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RBC= G, YPR Fso)/ YPR E) (6)
where YPR P is the yield-per-recruit obtained given a fishimgrtality F. Note that equation

(6) allows for greater increases in catch than dbesold Tier 3 HCR (maximum increase of
20% above the recent average, Figure 2bkcifr is estimated to be below the target level.
Irrespective of this, the maximum allowable chang¢he catch (RBC) from one year to the

next was restricted to 50%

Comparison of Tier 3 performance with that expeatader Tier 1 is achieved by calculating
the projected spawning stock biomass trajectones fsubset of the scenarios in Table 1 under
the Tier 1 HCR. This involved generating additiodata (cpue (20 yrs, CV=0.3), and length
composition (10 years),=100)), and applying Stock Synthesis 2 (Methot 2007%his data set
each year of the projection period. Results for TieHCR are simply shown for comparison

purposes because the focus of this chapter isigne8THCRs.

3.3.3 Accounting for fleet/spatial structure
Uncertainty in spatial structure through the scisain Table 2 presents additional challenges

when implementing the Tier 3 HCRs, because of thednfor decisions regarding what
combinations of fleet and region are to provide gheameters used when calculating the RBC,
and how to choose among potentially differing eates of the fishing mortality rate. The
scenarios in Table 2 were crossed with the follgnaptions to investigate how performance

given spatial structure changes with assumptiogardéng how the data are analysed:

1. spatial complexity is ignored, and a single analy§iR, MYEF) is conducted using the data
pooled across regions (added together as sam@eslacated by region relative to the size
of the catch) — this is how the Tier 3 control rid@pplied in the SESSF at present,

2. the data from the two regions are analysed separateobtain two estimates of current
fishing mortality / stock status; these estimates taen weighted by the inverse of their
variance estimates to obtain the RBC.

3. separate analyses as in 2, but the maximum estirfateused to calculate the RBC.

The variance estimates fdfcyr are (primarily) driven by sample size, and so aptl

effectively weights the regional estimates by therent catch allocation. Option 3 is potentially
more conservative because it bases the RBC onattaaneters for the region with the highest
estimated fishery mortality rate. However, thisiaptcan be expected to be more prone to

inaccurate estimates Bfthat might result from low sample sizes.

% Within the HSF of the SESSF, a rule exists whéaee TAC for quota species cannot change by more
than 50% from one year to the next.
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3.4 Performance measures
Performance of the HCRs is evaluated using a sgerdérmance measures:

1. The median (over simulations) spawning stock statuthe end of the projection period
(final spawning biomass as a fraction of unfishpdwmning biomassB,), [median final
depl.].

2. The inter-quartile range of the spawning stockustdatelative toBy) at the end of the
projection period [IQR final depl.].

3. The probability of the spawning biomass being befloe/Tier 1 limit reference point,,)
at the end of the projection period [P(final B g\B].

4. The probability of the spawning biomass going betbe Tier 1 limit reference points,;)

at some point during the projection period [P(B sBanytime)].
The median of the average annual catch duringrbjegiion period [median (avg. TAC)].
The median (over simulations) of the CV of the araatches during the projection period
[median(CV TAC)].

7. The mean (over simulations) number of years forctviihe RBC is less than*4mean(#yrs

collapse)].

Performance measures 1-4 relate to the effect pleimenting the HCR on spawning biomass,

while measures 5-7 provide information regardirey¢atch performance of the HCR.

4. Results

The results of the simulations are displayed inft of boxplots of the performance measures
across scenarios to compare among the HCRs andadsetbr obtaining= estimates. Simple
linear models are used to evaluate the contribuifadhe different scenario specifications to the
values for the performance measures. The scenaai@cteristics as defined in Tables 1 and 2,
the catch curve estimation type, the choice of H&R)l (for the spatial analyses) the method for
obtaining a singlé- estimate, were included as factors in the lingadiptors of these models,
fitted separately for the seven performance measuméeraction terms involving some of the

factors were also considered.

4.1 Non-spatial analyses
The performance of the three versions of the TiddGRs, given estimation using CR and

MYEF, are compared in Figure 4. The old Tier 3 HIERds to levels of spawning biomass that

are well below the Tier 1 target and limit biomasgerence points (40 and 20% of unfished

* 4t is 1% of the total catch prior to implementatiof the harvest strategy, this performance measure
intended to reflect the frequency of fishery cadlap
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spawning biomass) at the end of the projectionoper{Figure 4a) with high probabilities of
dropping belowB,, during the projection period (Figure 4d). The parfance of the new HCR
varies considerably among scenarios and the projectinder this HCR lead to more variable
catches (Figure 4f). However, the results for SR are generally more optimistic regarding
stock status (Figure 4a, 4c), although many scesatill remain below the target biomass at the
end of the projection. Comparison of performanaetfioee scenarios suggests that, for these
scenarios at least, the Tier 3 HCRs are not priecery compared to the Tier 1 HCR, because
the Tier 1 HCR leads to higher relative biomadswaer probability of dropping below the limit

reference biomass, and lower, less variable arvaiehes (Figure 5).

The changes in performance with respect to firadksstatus, the risk of going below the limit
reference point, and the magnitude in catch leaetslargely independent of the estimation
method (CR versus MYEF), but are a function of tHéR (Table 3, ‘new HCR’ rows).
Adopting Frare=F40 andF_y=F5 results in an increase in the median final reéagpawning
biomass (Table 3, new HCR, Figure 4a). The diffeesnbetween applying the old and new
HCRs, for the two estimation methods can be seearlgl in Figure 4, which shows the

distribution of the values for the performance nuees across all of the scenarios in Table 1.

Performance of the new Tier 3 HCR is also deterthing the choice of reference points. The
HCR based on the spawner-recruitment referencap@ifnrc= F40 andF = F) tend to lead

to higher values for relative spawning biomass,doprobabilities of dropping below the limit
reference point, and lower median annual catches ttieFrarc= 0.5M version of the new Tier

3 HCR (Figure 4a, c-e). However, performance isaide among scenarios, and the probability
of dropping below the limit biomass remains verghthfor a number of the scenarios (Figure 4c-
d).

Variability in the values obtained for the performea measures was caused not only by the
choice of HCR. Scenarios where the true value feemess was low [{=0.3") resulted in
lower final biomass, an increased probability aspping belowBy,y, and increased variability

in the annual catches (Table 3). Likewise, moralpetive stocks ¢i=1.0") resulted in higher
final biomass levels and a lower probability ofrmebelow the limit reference point at the end
of the projection period. Scenarios in which thiiah (prior to implementation of the HCR)
relative stock size was low (“InitDepl =0.2") regad in lower levels of catch (albeit more
variable). Under the old Tier 3 HCR, a higher aditstock size (“InitialDepl = 0.75”) led to
higher catches, an increase in the final relativekssize and a lower probability of being below
the limit reference point at the end of the pragciperiod. However, an interaction between the

initial stock size and the choice of HCR meant tlwader the new HCR, scenarios starting at
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high relative biomass resulted in large, unsustdéhaatches being taken, and a general poor
performance of the HCR in terms of maintaining ktsiatus, and near ubiquitous probability of
ending the projection below the limit biomass (EaBl| “new HCR : Init Depl interactions”).
This change in behavior between the old and new JieICR for the high initial stock size
scenarios was largely a result of the differencenaximum allowable increases in catch (old
Tier 3 has a cap of 20% increase versus 50% fan¢laeHCR).

In terms of magnitude, aside from the initial stetke, the factor with the largest impact on the
biomass-related performance measures was whethasiumed value ftd was correct or not.
Assumed values favl less than the true value resulted in more optim@itcomes in terms of
stock status, with higher final biomasses, and toprebabilities of dropping below the limit
reference point (Table 3, ‘assumigld< true M). Average catches were also lower. Conversely,
assuming a value fdvl greater than the true value resulted in an unstmation ofF, and
consequently, outcomes with lower final relativerbass and a higher risk of dropping below
the limit (Table 3, ‘assumed > trueM ).

4.2 Spatial analyses
The results for the ‘spatial’ two-region scenarios the Frarg=F40 version of the new Tier 3

HCR are shown in Table 4, and include resultsHerthree options related to how to deal with
the spatial data (see Section 3.3). Results far ithplementation of the HCR (new form,
Frare=F10) are shown because this option appeared to biesfiysaanagement objectives in the
non-spatial analyses described above. A decreat® ioonnectivity of the regions results in a
decrease in the probability of dropping belByy, and increases in final spawning depletion for
scenarios when the stock is initially at the biosnaarget (Table 4F option 1). This is
presumably because the decrease in movement betegiens increases the signal in the data,
as the initially exploited region must be drivenltav levels before implementation of the
harvest strategies. However, this sensitivity ® diegree of connectivity is lost when the initial
spawning depletion is either at high or low lev@lable 4, scenarios 1-7). The initial status of
the stock therefore appears to be at least as temdif not more so) in determining the values
for the performance measures as the connectivigngrthe regions. Indeed, the results of linear
modeling to predict the values of performance messsuggests that the effect of the degree of

mixing between regions is not important (Table 5).

There was no impact of moving from the intermed{atevhich the average mixing rate is 20%)
to the limited (5%) level of mixing (the magnitudefsthe coefficients for the intermediate and
limited mixing scenarios given a particular perfamme measure were almost the same). The

age structure of fish mixing between regions apgbdess important in driving performance.
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Whether selectivity was dome-shaped, or modelleffieréntly by region was a major
determinant of performance, with the amount of datm&ped selectivity (in 1 region or 2)
leading to higher final relative spawning biomasaed lower probabilities of going below the
B, limit (Table 4 and Table 5, scenarios 8-9, ‘Difierselectivities by region’ and ‘Selectivity
dome-shaped in both regions’). Lower catches reduitom selectivity being dome-shaped in

both regions (Table 5, ‘Selectivity dome-shapebath regions’).

Analysing the data by region and then choosingniaimum estimatedr to set the RBC
(Table 4,F option 3) unsurprisingly led to the most optimis@sults regarding spawning stock
biomass, and the probability of going below theitlireference point (Figure 6). This choice
also resulted in tighter intervals for the bioma$ke relative performance of the different
scenarios is very similar when data from both regiare analysed together and when the
regional estimates are weighted by their variafi@ble 4,F options 1 and 2), although the
latter case appears more variable. An exceptisthen movement between regions is limited to
pre-recruits (Table 4, scenario 8). In this insegraggregating the data and conducting a single
analysis appears to be a much more conservativetavdgtermine RBCs, because the relative
biomass is well belovB,, when regional estimates Bf are weighted by the inverses of their
variances. As with the non-spatial analyses, aelapgoportion of the variation in the
performance measures among scenarios can be ttriba the relative stock size prior to
implementing the harvest strategy, rather than ghecifications for the particular HCR
implemented. The increase in final biomass andedeser in the risk of dropping beloBg,
associated with choosing the maximum regidhastimate are naturally associated with lower
catches, however do not result in a decrease iiability in catches, nor a decrease in the
relative frequency of fishery collapse (Figure §f-@his option also appears to mitigate the
change in performance associated with the spairaiectivity among regions, as the values for
the performance measures do not change with dengeesnnectivity as for the case when the
regional data are aggregated prior to analysisl€Tébcompare scenarios 1,2, and 5 between
options 1 and 3). This suggests the degree to wdaahpling error has on the performance of
the HCR, as for scenario 1, the true exploitatiate is the same in both regions ffedption 3

results in higher final spawning stock biomass.

Although the results suggest that reasonable pedioce can be achieved using the new Tier 3
HCR given an appropriate choice of reference paintsdecision rule for dealing with space (at
least compared to the original Tier 3 HCR), Figdrsuggests that performance of these HCRs
is not particularly satisfactory, because highdatiree spawning biomass may be a result of
closing the fishery for a number of years followiagseries of successive increases (or

decreases) in the RBC. This is also reflected emvhlues for the mean number of years in
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which the fishery collapses (Figure 4g, Figure bggure 6g). The trajectories in Figure 7
suggest, as inferred above, that for a speciedlike eye, the catch curve is fairly unresponsive
in detecting changes iR. This can be expected for a long-lived speciesre/tthere would
presumably be considerable inertia in the age tstrec As such, the estimates Bfobtained

may not be reflecting the current fishing mortatiye.

5. Discussion

Management based on rapid stock assessment istigtréor fisheries where there are limited

data, and methods for such assessment, includitolp cairve analysis, are well-established
(albeit also with well-known shortcomings relatedunrealistic assumptions). The MSE testing
of the Tier 3 HCRs presented here suggests timintdeed possible to formulate HCRs based
on the results of catch curves that address marexgesbjectives (i.e. maintain spawning stock
biomass at or above target levels), despite sortieesk shortcomings. However, it is also clear
that implementing the Tier 3 HCRs can result inasicble behaviour, and that outcomes can

be sensitive to many of the known shortcominghefassociated estimation methods.

Assessing performance of the HCRs through thelityabd conserve stock biomass may not be
an appropriate choice — the spawning biomass toajes in Figure 7 suggest that satisfactory
outcomes for a scenario (for example, a low prditplif being overfished) can be achieved
with undesirable system properties (such as compbédsure of the fishery following a
ratcheting increase in catch), even for the “nevér B HCR. Klaer et al.2009 and Smith et
al. (2008) address issues related to the unresporess and ratcheting behaviour of the Tier 3
HCR. These undesirable properties are likely tartoee pronounced for longer-lived species
because the catch curve does not relate to cucoerditions. Unresponsiveness in the Tier 3
HCR is also a consequence of restrictions on thgniae of permitted changes in
management actions (the RBC is only allowed to ghany 50% in a given year even if the
estimate of changes dramatically). The results suggest that aubehaviour appears to result
in higher final biomass levels for stocks that &k low relative stock size prior to
implementation of the HCRs compared with those eaad for stocks that are at or above
management targets Table 3 and Table 5). Incredsengime period over which the catch is
averaged will mitigate the ratcheting effect of RBQoncurrent increases or decreases),

however doing so effectively downweights the infloe of previous management actions.

Differences in the performance of the Tier 3 HCRgeared to be related to both the form of the
HCR, and the values chosen for the reference p@engs Figure 4). Tier 3 HCRs that used the
spawner-recruit-based reference points resultettheénbest perceived performance (Figure 4).

However, performance of the rules using a targeD.6M was generally only marginally
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different than those using spawn-recruit-based reefee points, even though the data
requirements were markedly less (Table 3 and Figurés estimates dl already tend to be
uncertain (with results being very sensitive touassg the wrong value), including additional
uncertainty associated with estimating the compemsaof the spawner-recruit curve
(steepness) is perhaps unnecessary. However, Fguctearly shows that OMb is not
necessarily an appropriate target rate of fishiogtatity (when compared with Tier 1 reference
points) for all instancese(g. when steepness is low). Note that even the ‘pogérforming
HCRs require an estimate Bf, typically derived from longevity and growth infoation €.g.
Hoenig 1983, Jensen 1996, Pauly 1980). While suicinmation generally tends to be available,
the nature of a ‘data-poor’ fishery may mean thasé estimates are uncertain. The C\Wof
estimates from the Pauly and Hoenig methods ar@ &8 0.61 respectively (MacCall 2009),
and therefore it might be unreasonable to assuesercertainty itV than this for a data-poor
stock (MacCall 2009 recommends a CV of at leagt 0.5

The results clearly demonstrate the need for chgbplication of ‘common sense’ when
applying methods such as the Tier 3 HCRs. For el@ntpe implications of dome-shaped
selectivity are that mortality is over-estimatesding to specification of lower catches, but it
would be somewhat foolish to use this conservatdnstock biomass as a reason for
implementation of the Tier 3 HCRs when selectivityknown to be dome-shaped. Having an
accurate estimate fdvl appears to be very important for HCR performanaiéh scenarios
where the chosen value ff is higher than the true value resulting in higbhabilities of
dropping below the limit reference point. Similargcenarios for which the assumed value for
M is lower than the true value are among the moss@wative in terms of biomass relative to
the unfished state at the end of the projectiors@&hresults are unsurprising, as the estimate of
F is clearly negatively correlated witkl. The impact of selectivity being dome-shaped is
similar to that of under-estimatindg, in thatF is over-estimated (because the estimators assume

selectivity to be asymptotic), resulting in loweB®s and higher spawning stock biomasses.

Although the analyses examined the impact of cigadata from multiple regions, and where
the regional allocation of catches was changing,data were generated in proportion to the
catch, with no over-dispersion or bias in the sagther than the stochasticity imposed on the
data through sample size and multinomial sampliffte low sampling effort present in the
actual blue eye data set, coupled with seasorfafelifces in availability, means that the age and
length data are not representative of the fisherg avhole. Indeed, the sample size of the age
data for blue eye is such that pooling age datasagyears to obtain an age-length-key and then
applying this to the year/region-specific lengthmpmsition data is the most likely means of

estimating the age-composition of the cately.(Klaer 2008). While the analyses investigating
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the impacts of region-specific selectivity go soweey to addressing these questions, it is likely
that incorporation of bias and non-representataraing into the MSE framework will further

degrade HCR performance. It is also not clear hmwiay in which future catches are allocated
by region/fleet impacts the results of this pafdre lack of difference between scenarios that
varied in the degree of spatial connectivity canabiebuted somewhat to the allowance of a
shortfall in the catch in one region (as a restiinsufficient available biomass) to be taken in

the other region if required.

Most fisheries and also fished populations exhibpatial structure, creating spatial
heterogeneity in realized exploitation rates arahiaiss trends, with the extent of heterogeneity
depending on the level of mixing in the stock. Heare most management agencies lack the
ability (or rather, the infrastructure) to specifie TAC at the level of this spatial structuring.
HCRs that show robustness to spatial differencesttzrefore desirable. Disaggregating the
data by fleet and region, analyzing these dataratgyg, and then choosing the maximum
estimate of F to determine the RBC appears to produce the mossetvative results
irrespective of the true nature of stock connetieind fishery behaviour, and also resulted in
the most consistent values for the performance uneasamong scenarios that varied in spatial
structure. However, application of this versiontleé HCR leads to perhaps unnecessarily low
catches when the connectivity of the stock betwegions is high, and reflects the impact that
sampling error can be expected to have on HCR peaface in such scenarios. The maximum
F option would also be inappropriate if the maximénestimate came from a sector of the
fishery which was a minor component of the catchitavould be more likely that such &n
estimate would be both uncertain and not repreteataf the overall exploitation rate.
Weighting fleet and regional estimatesFoby their variance accounts for this if the date ar
collected proportionally with the catch, as waslenpented here. If not, then additional rules to
determine how to proceed will be needed. For exampkighting theF estimates by catch
rather than variance. Such methods however willasobmmodate the effects of dome-shaped
selectivity have on over-estimation Bf Spatial disaggregation of data that already has low
sample size will result in more variable estimadésnortality than might be expected given

population dynamics, particularly when constructamgpual catch curves.

The use of an MSE approach enables the examinatioantrol rules used to set catch limits,
by evaluating performance given the known trueestditthe system. Such a framework can be
used to identify strategies that perform poorlytive fairly well-ordered structure of the

simulation. Perhaps more importantly, the relapezgformance of different strategies can be
compared. The adoption of a precautionary apprdacimanagement of exploited marine

resources is increasingly common, and it is cllear testing of harvest control rules is necessary
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to understand whether these rules can be expeotquerform as intended. The analyses
described focus on parameterizations of the opeyatiodel which mimic blue eye trevalla, but
the system can be extended to examine the perfaemainthe tier framework given different
life histories. Indeed, a natural avenue for furtegtension of these analyses would be to
examine whether the relative performance of theuarTier 3 control rules depends on the life-
history of the species of interest, and whetherntimous HCRs need to be modified with life

history.

While improved performance and conservation oflsttomass is achieved under the new Tier
3 HCR over that of the old form, the variabilityoand the stock biomass, and in catches under
this HCR are greater than that expected for a rata-rich scenario (e.g. integrated assessment
using Stock Synthesis). This is to be expected-dabr methods should estimate quantities of
interest with greater uncertainty than those forclwimore data are available. While the Tier 3
HCR based on reference points suclirasandF, is more equivalent to the Tier 1 HCR, care
should be taken regarding the ability to estinfagfficiently well to be able to apply this rule
successfully. Application of these reference poimtder the Tier 3 HCR requires an estimate of
the value for steepness, which cannot be obtaineidglthe analysis and was assumed to be
0.75 regardless of the true value. Consequentijopeance of the HCRs was poor when the
true value for steepness was lower than this. Hewethe approach taken here is not much
different than that employed for data-rich scersiio the SESSF, as estimation of steepness
within stock assessments for this fishery is retd to the assessments for tiger flathead
(Neoplatycephalus richardsagre.g. Klaer 2010) and eastern gemfiRexea solandriLittle and
Rowling 2009). In general, although the new TigdGR only relies on one source of current
data from the fishery, application of the HCR regsiestimates be available for the majority of
biological parameters that would be included in @arenformal stock assessment based on a
statistical catch-at-age model. The performancsuch estimators (e.g. Stock Synthesis) given
paucity of information, the robustness of such nf®de mis-specifications such as those

investigated here, and comparison of performande tve Tier 3 HCRS warrants interest.

The desired- to be estimated is the current rate of fishingtalitly, whereas the annual catch
curve integrates over the fishing mortality ratgpegienced by the stock for the length of the
age structure, which may either not correspond wighl recent trends if, or, if data are noisy,
may impede estimation df. Poor ability to estimat& may mean a lack of ability to truly
discriminate between the reference points involierdhe HCR. This may be particularly
important for long-lived, late-maturing species whé,, and F,, are similar. Successful
implementation of a harvest control rule reliesb@ing able to distinguish between values for

stock indicators that result in changes in managemetion. Approximate confidence intervals
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for the current rate of fishing mortality on blugeetrevalla based on application of the MYEF
estimator to data from the auto-longline fisherg arder than the range &fs over which

changes in management actions are indicated gneHER (Fay 2009).

Precaution with respect to Tier 1 is not explicithyilt into the Tier 3 HCR at present,
particularly as the quantities f&irarc and F are the same as for Tier 1 (even though their
estimates may be different). Conservation of stoicknass under the Tier 3 HCR arises from
the behaviour of the rules. Additional measuresntmlify the Tier 3 HCR such that there is
equivalency of risk with the Tier 1 HCR could invelthe choice of alternative reference points
(e.g.Frare = Fs), the application of a discount to the RBC fomeat a less data-rich tier level
(Smith et al. 2008), or perhaps application of entrHCRs with a more conservative value for
Fcur based on some percentile of the confidence iatest/the estimate. Further simulation
testing to address the efficacy of such approadbeslearly warranted, and is a suitable

candidate for future work.
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Table 1 : Parameterisation of the operating modeltHe non-spatial scenarids.is the steepness parameter of the spawner-reetattonship,B.,/By is the
spawning biomass relative to unfished prior to enpéntation of the HCRs, ang is the annual sample size for the age compoditita.

# Scenario Type of selectivity curve true M h Beur/Bo Na assumeM

1 base-case asymptotic 0.08 0.75 0.40 100 0.08
2 asymptotic 0.08 0.75 0.20 100 0.08
3 asymptotic 0.08 0.75 0.75 100 0.08
4 asymptotic 0.12 0.75 0.40 100 0.12
5 asymptotic 0.12 0.75 0.20 100 0.12

6 asymptotic 0.12 0.75 0.75 100 0.12

7 asymptotic 0.18 0.75 0.40 100 0.18
8 asymptotic 0.18 0.75 0.20 100 0.18

9 asymptotic 0.18 0.75 0.75 100 0.18
10 low steepness asymptotic 0.08 0.30 0.40 100 0.08
11 asymptotic 0.08 0.30 0.20 100 0.08
12 asymptotic 0.08 0.30 0.75 100 0.08
13 high steepness asymptotic 0.08 1.00 0.40 100 0.08
14 asymptotic 0.08 1.00 0.20 100 0.08
15 asymptotic 0.08 1.00 0.75 100 0.08
16 dome-shaped selectivity dome-shaped 0.08 0.75 0.40 100 0.08

17 dome-shaped 0.08 0.75 0.20 100 0.08
18 dome-shaped 0.08 0.75 0.75 100 0.08
19 assume wronil asymptotic 0.08 0.75 0.40 100 0.05
20 asymptotic 0.08 0.75 0.40 100 0.12
21 asymptotic 0.12 0.75 0.40 100 0.08
22 asymptotic 0.12 0.75 0.40 100 0.18
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Table 2 : Parameterisation of the operating moalettfe spatial scenarios. ‘Full’ connectivity beemeregions implies single stock dynamics, ‘interratsd has
20% annual movement rate from one region to therothhile the ‘limited’ scenario only has a 5% aahmovement rate. The movement patterns are asrshow
in Figure 1.

# Scenario Type of selectivity curve true M h Beurr/Bo Na assumeM  connectivity movement
region 1 region 2 pattern

1 base-case, full mixing asymptotic asymptotic 0.08 0.75 0.40 100 0.08 full constant

2 intermediate mixing asymptotic asymptotic 0.08 0.75 00.4 100 0.08 intermediate constant

3 asymptotic asymptotic 0.08 0.75 0.20 100 0.08 intermediat  constant

4 asymptotic asymptotic 0.08 0.75 0.75 100 0.08 intermediat  constant

5 limited connectivity asymptotic asymptotic 0.08 0.75 4. 100 0.08 limited constant

6 asymptotic asymptotic 0.08 0.75 0.20 100 0.08 limited taomts

7 asymptotic asymptotic 0.08 0.75 0.75 100 0.08 limited taomts

8 movement declines with age asymptotic asymptotic 0.08 0.75 0.40 100 0.08 intermediate pre-recruit

9 movement increases with age asymptotic asymptotic 8 0.0 0.75 0.40 100 0.08 intermediate adult

10 dome-shaped selectivity dome-shaped dome-shaped 0.080.75 0.40 100 0.08 intermediate constant

11 differing selectivities asymptotic dome-shaped 0.08 .750 0.40 100 0.08 intermediate constant
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Table 3 : Coefficients estimated from the lineardels for the non-spatial analyses, by performaneasure. Numbers shown represent terms that werssass
to be significant at tha = 0.05 level in a full model that included allrtes listed.

Performance measure

Linear predictor term med(B;,./Bo) IQR(Bina/Bo) P (Binai<Biim) P (Byo<Biim) med(avg TAC) med(CV TAC)  # yrs collapse
base intercept 0.17 0.79 0.87 721 0.16

(CR, old HCR, InitDepl=0.4h=0.75, asymptotic Sel)

MYEF

new HCR, Ftarg=018, Flim=M 0.14 0.10 -0.17 -0.13 -209 0.96 5.9
new HCR, Ftarg=F40, Flim=F20, adjust for h 0.17 0.15 0.22 -0.15 -249 0.95 5.4
assumed > trueM -0.14 -0.26 0.35 0.22 0.54 4.6
assumed < trueM 0.56 -0.64 -0.75 -468 0.85 5.7
Initial depletion = 0.75 0.39 0.24 -0.59 -0.64 476 0.20

Initial depletion = 0.2 0.12 -394 0.62 4.8
h=1.0 0.15 -0.17 -0.08

h=0.: -0.14 -0.1¢ 0.32Z 0.11 0.3¢ 3.€
trueM =0.12

trueM =0.18 150 -1.3
new HCR, Ftarg=018 : Init Depl = 0.75 interaction -0.58 -0.51 0.90 0.84 792 2.4
new HCR, Ftarg=F40 : Init Depl = 0.75 interaction .60 -0.52 0.94 0.87 1108

new HCR, Ftarg=0M4 : Init Depl = 0.2 interaction 0.19 -0.32 -0.30 -2.8
new HCR, Ftarg=F40 : Init Depl = 0.2 interaction D2 -0.34

dome-shaped selectivity : old HCR interaction

dome-shaped selectivity : new HCR Id.5nteraction 0.12 -0.20 -0.14 -216

dome-shaped selectivity : new HCR Fifderaction




26

Table 4 : Values for the performance measuresHerspatial analyses given estimation under MYEF,
application of the new Tier 3 HCR, wiliyarg = F40 andFy = F2o. ‘F option’ is the method used to obtain
a singleFcyr estimate given the fleet and regional data (Se@&i8r8: 1) aggregate fleet and regional data,
2) obtain fleet and region-specificestimates, weight by inverse variance, 3) sepansadyses as in 2, but
use the maximum estimatédo calculate the RBC. Scenario numbers as in Table

Performance measure
F option Scenario# med(®./Bo) I1QR(Bina/Bo)  P(Bina<Bim) P(Boro<Biim) med(avg TAC) med(CV TAC) # yrs collapse

1) 1 0.12 0.36 0.61 0.77 491 0.99 3.9
2 0.24 0.35 0.42 0.69 479 0.95 2.6
3 0.46 0.24 0.09 0.90 114 1.58 7.1
4 0.00 0.00 0.97 0.98 1,944 1.48 5.3
5 0.21 0.34 0.50 0.74 478 1.03 3.8
6 0.47 0.22 0.07 0.86 90 1.56 7.2
7 0.00 0.00 0.94 0.97 2122 141 4.6
8 0.21 0.42 0.47 0.58 458 1.02 4.1
9 0.14 0.34 0.61 0.73 511 0.92 3.2
10 0.47 0.44 0.26 0.33 288 1.00 2.6
11 0.33 0.39 0.32 0.54 404 0.96 2.6

2) 1 0.15 0.42 0.55 0.72 436 1.04 4.1
2 0.15 0.33 0.56 0.75 481 0.97 3.3
3 0.44 0.22 0.09 0.87 109 1.53 6.8
4 0.00 0.00 0.99 0.99 2,006 1.46 5.1
5 0.19 0.42 0.56 0.71 479 1.05 3.7
6 0.45 0.25 0.14 0.88 98 1.53 6.7
7 0.00 0.00 0.97 0.97 2,161 1.47 5.2
8 0.00 0.07 0.83 0.91 494 1.39 7.0
9 0.07 0.36 0.60 0.73 508 0.92 3.3
10 0.37 0.41 0.29 0.45 344 0.92 2.2
11 0.22 0.40 0.46 0.60 443 0.94 2.9

3) 1 0.38 0.28 0.24 0.47 353 0.95 2.6
2 0.35 0.36 0.26 0.48 367 0.98 2.9
3 0.53 0.16 0.05 0.87 71 1.72 8.9
4 0.00 0.11 0.83 0.84 1,899 1.27 3.5
5 0.39 0.41 0.29 0.48 310 1.05 3.0
6 0.52 0.18 0.02 0.83 46 1.86 10.2
7 0.00 0.06 0.81 0.82 1,834 1.27 3.9
8 0.62 0.23 0.01 0.07 135 1.12 3.5
9 0.45 0.34 0.21 0.39 322 0.90 1.8
10 0.59 0.27 0.12 0.22 205 1.02 2.9
11 0.49 0.35 0.14 0.30 282 1.10 3.3
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Table 5 : Coefficients estimated from the lineardeis for the spatial analyses. Numbers shown reptésrms that were assessed to be signifigar@.05) in a
full model that included all terms listed. Baseeicept values werdYEF, new HCR withFrare=F40 andF_y=F20, obtain a singld¢- estimate with all data,
full mixing between regions, movement constant \aigie, initial depletion = 0.4, ame-0.7

Performance measure

Linear predictor term med(Bina/Bo) IQR(Bina/Bo) P (Biinai<Biim) P (Byroi<Biim) med(avg TAC) med(CV TAC) # yrs collapse
base intercept 0.19 0.37 0.51 0.71 468 0.97 3.5
wt regionalF estimates by varian

choose highest regionF 0.1t -0.21 -0.21 -141

Initial depletion = 0.75 -0.25 -0.34 0.49 0.29 1562 0.39 14
Initial depletion = 0.2 0.22 -0.16 -0.36 0.23 -344 0.63 4.6
Different selectivities by regic

Selectivity dome-shaped in both regions 0.23 -0.21 310. -145

intermediate mixing

limited mixing

juveniles move only -0.12 0.19 1.8

adults move only
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Figure 1 : Biological and fishery-related paramet&fop row of panels: values for females shown in
black lines, males in grey. Solid lines in Growthnpl represent mean lengths-at-age, dashed lines
correspond to the 95% intervals of the distributionlength—at-age. Relative Movement panel shows
pattern of relative movement rate for (solid) agulty movement, and (dashed) pre-recruit movement.
Gray dotted and dot-dashed lines indicate ratesaMement (relative to “full” mixing scenario) fdne
“intermediate” and “limited” movement scenariosledtivity panel shows both asymptotic (solid line)
and dome-shaped (dashed line) patterns with ler@@gtch history panel indicates both total catches
(solid line) and regional catch histories usedhia spatial analyses, with dashed line indicatinghess
from region 1, and dotted line indicating the catdm region 2.



29

a)Tiers1 &2 b) old Tier 3
Frarc 4 g

u s £ s

@ i E i

© : S :

i g i

| |

I I

| |

I I

: :

BLIM BTARG FTARG I:LIM
spawning biomass current F
c) new Tier 3

Frarc .
w i
@) i
Q i
o i
i
|
|
I
]
I

FTARG FLIM

current F

Figure 2 : Forms for the Harvest Control Rules (BT Rr Tiers 1 and 2 (top-left panel), old Tier 3
(top-right panel), and new Tier 3 (bottom-left phn&he estimated value for the stock indicatortiom

X axis is used to derive either the RBC rate offifig mortality (Tier 1 and new Tier 3), or the
multiplier to the current catch (old Tier 3).
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Figure 3 : Relationship betwe&n, (solid black line) andr,, (dot-dashed black line) amd, andh. The
solid and dashed grey lines aeand 0.8 respectively. Top row of panels corresponds tagetrat-
maturity of 12 yrs, as used in the analyses presemere. The bottom row of panels shows the change
for an age-at-maturity of 6 yrs.
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Figure 4 : Distribution of the performance measwess scenarios for the non-spatial analyses, for
the two estimation methods, CR and MYEF, given i@ppbn of the three HCRs (old = old Tier 3;
0.5M= new Tier 3 HCR withFtarc= 0.5M. andF y= M; F40 = new Tier 3 HCR witktarc F40. and

Fum= F20).
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Figure 7 : Relative spawning biomass and catcledtajies for scenario 1 of the non-spatial analyses
for (left) old Tier 3 HCR, (center) new Tier 3 HGMth MYEF andFrarc=F40, and (right) Tier 1.
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Appendix 1. Operating Model Specifications

The operating model consists of an age-structurggulation dynamics model, a data-
generation module, and a component to allow fupraections of the population model
given input from estimation methods and HCRs. Therating model can be appropriately
dimensioned and parameterised to account for despatial regions and multiple fleets in
order to capture key dynamics for blue eye trevallae specifications are a simplified
version of those used to evaluate management gigatéor a variety of species within the
SESSF (Fay et al. 2009).

Al.1 Population dynamics
The operating model includes one or more regionpuRtion dynamics operate at the level

of the fish stock, with a single stock occupying @t more regions. Fishing fleets operate in

one or more regions.

Al1.1 Abundance dynamics
The number of animals of sexand age in regionr at the start of yedr NS at 1S given by:
—_— Nsr,a—l,t—l fl<a<x
Ns,a,t r r . (7)
N{ . i+ NL ., Otherwise
where Nsrat is the number of animals of sexand agea in regionr following mortality
(all sources) and movement during year
sat—N;at+ZNrsat ;ra_ZNsatXEsle (8)
r'#r r#
Nsr,at_N;at _M (1_ l'lisat) (9)
X;‘; is the proportion of animals of sexand agea moving from regionr’ to
regionr,
M is the rate of natural mortality,
u,., the exploitation rate (due to all fleets) on arigvaf sexs and agea in region
r during yeat:
U o= 0 (10)
f
. Cf T
where: a - (11)
t ZZWLSSLZCDLsa sat OSM
C'" s the retained catch by flefein regionr during yeat,

S is the selectivity of fleefton animals in length bib during yeat,
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® ... isthe proportion of fish of sesxand agea in length binL during yeat,
sz,a,t is the selectivity of fleefton animals of seg and age during yeat,
w . isthe mean weight of a fish of sein length binL, and
X is the maximum age (treated as a plus-group).

Al.1.2 Selectivity

The sex- and age-specific selectivity pattern feetff is calculated from the inputted length-

specific selectivity pattern:

sz,azzqq)L,aa (12)
L
rd III.O Isa H
) : if L=1
O-ISE
3 III.0+1_Ea A III? _I_s,a o
P =P 2 -0 if 1<L<N, (13)
a-ls,a a-ls,a
(1 -ls, -
1-d ' if L=N,
a-ls,a

where L=I° +O.5[I M-l 'L°] !

I"and | are upper and lower limits of length hin

0} is the standard normal cumulative density fungtion

ls,a,t

is the mean length of a fish of se&and age in the middle of yeat,

o is the input standard deviation of the length &fh of sexs and age.

ls.a,t

Al1.1.3 Growth

The mean length-at-age by sex in yearcalculated by:

l_s,a,t = Loo,s(l_ exq:k S @_ tO, s)]) (14)
where L, k,, andt, are the input growth parameters for animals ofssex
Weight-at-length is governed by a length-powertiehship:

w, =a,(L)” (15)

,S
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wherea, and 3, are the input parameters of the weight-lengtttimiahip for sess.

Al.1.4 Recruitment

The annual recruitments (by region) are log-nornalistributed about an underlying

Beverton-Holt stock-recruitment relationship (SRR):
NI, =0.5R & (16)
P ar 4hR, S
R = il a7)
SB(1- h+ SB(5 k1)
where & is the recruitment residual for regiorand yeart, which can be correlated
among regions:
g, ~ MVN(O,%,) (18)
1 i
5 =02 p (19)
prirj l
R, is the number of age-0 animals at pre-exploitagiguilibrium,
h is the steepness of the stock-recruitment relsliign
SB is the spawning biomass at pre-exploitation elgilm (when recruitment
equalsR,),
(% is the standard deviation of the recruitmentceasils,
,0rirj is the correlation between the recruitment redgifa regions; andr;, set to
1 (perfect correlation among regions) for this papad
Al is the expected fraction of the number of agentnals assigned to region
during yeatt:
A =SB/ SB (20)
The total spawning biomass during yeés given by:

SB=Y58=YY M. W f (21)

r a=l1

where f, is the fraction of females of agehat are mature, and
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\Nfem,a

Al1.1.5
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is the weight at age of a female of agat the start of the year:

V~erm a = z CD L,fem aWL Jfem (22)
L

Movement

The probabilities of moving among regions are deieed by:

where X'

s,a

Tr‘,r

m .

Al1.1.6

X0E =it (23)

is the average probability of an animal of send agea moving from region
I’ to regionr:

T.'m, if r'#r

Xon = (24)
1-> T "m,, otherwise

r'zr
is the maximum average probability of moving froegionr’ to regionr,
with T/ =1, and

is the relative age-specific movement rate foamimal of se»s.

Initial Conditions

The initial ¢=1) numbers at age for each sex by region are rdated by solving the

following set of linear equations:

where N,

pull

sl

where A,

-1

N, =(1-G.) R (25)

sl
is an &+1) x Nreg (number of regions) vector containing the initéaje-
structure for animals of sex

is the corresponding vector of recruits with elatee

.. _[0BAR, ifa=0
= 26
Rea {O ifl<a<x (20)

is the fraction of recruits allocated to regiotn equilibrium, the value for
which is solved for in order to satisfy equatiof).2and
is asquaretransition matrix with the same dimensionlds, , describing the

mortality and movement pattern, the elements ottvlare obtained from the

equations for the population update:
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Xge if a,=a-1

Gy =1 Xge" if a=a=> (27)
0 otherwise
a, is the age associated with rgw
a, is the age associated with column
M is the region associated with rgyvand
I is the region associated with coluigin

Al.2 Generating Age-composition Data
The observed catch-at-age proportions by regianaseé fleet are a multinomial sample of
size nsfy;r from the true catch-at-age proportions. The prioporof the catch that is of age

during yeatt for fleetf and sexsin regionr is:

éf,r
ot St (28)

~for
2.Cla
a

where:

s, a,t

Clr=1">s® N, (29)
L

| is an indicator equal to 1 if fleébperates in region and zero otherwise.

The individual nsf’{ 's by fleet and region are derived from a multinahgample of the total

annual age—composition with relative probabilityegi by C/" and sample size 100. As

such, the ageing samples are (on average) propalijcallocated by fleet and region with

respect to the annual catch.

Al1.3 Allocation of TAC by fleet and region during projection
period
For each year of the projection period, the catdbesach fleet and region are calculated

using a multinomial allocation of the total TAC fitvat year. The expected proportions of the

catch for each fleet/region are:
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for = f.r
Ct — pC,t

pf,r = — = L
RN HE

£

grf,r +wf,r (B[f r )c” (30)
pcf,‘tr = o L L <.f‘,r'
Zz[ng,r _H/lf,r (Btf r ) }
fror
where &7, " | and ¢ are the parameters of the relationship betweeméss
distribution and catch allocation, and
Btf‘r is the vulnerable biomass in regiofor fleetf in the middle of year:
B =117 2w S Y @ N, & (31)
S L a

for

The values of the parametefs” t//f'r ,and¢ @ are determined by fitting the multinomial

model in equation (30) to the (known) historicaicteproportions by fleet and region.
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