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A B S T R A C T   

Natural resource management has long recognised that the multi-objective nature of management is important, 
but has struggled to operationalise this into quantitative, measurable objectives for functional use in manage-
ment. Operationalising broader ecological and social objectives has been particularly problematic. In fisheries 
management, the focus has mainly been on target species sustainability and, in the past few decades, on prof-
itability. However, multi-objective management is now essential as fisheries have become recognised as complex 
social-ecological-systems. 

Policy and legislation demand a move towards quantitative approaches for reconciling multiple objectives 
and operationalising these within harvest strategies. We present a quantitative, non-commensurable-unit ap-
proach, via a multi-indicator value function with explicit objective preference weights. We use a simulation to 
set Total Allowable Catches (TACs) for three main species groups in a reef line fishery in Australia's Great Barrier 
Reef. Our method enables stakeholders to consider a richer range of tradeoffs than is possible with bio-economic 
models. Moreover, it allows the formal evaluation of performance across alternative stakeholder group pre-
ferences, providing an impartial way to obtain an overall optimum TAC. The simulation requires extensive 
fishery data and requires the performance indicators associated with each objective to be quantitatively and 
defensibly defined. Thus, our approach provides a pathway forward that forces managers and stakeholders to 
confront the associated data requirements.   

1. Introduction 

Maintaining healthy ecosystems and healthy human communities 
that depend on them is increasingly recognised as important to natural 
resource management, including fisheries (Asche et al., 2018;  
Berkes, 2000; Charles, 1995; De Young, 2008; FAO, 2009;  
Marshall et al., 2017; Voss et al., 2014). Elkington (1998) conceived the 
Triple Bottom Line (TBL) – encompassing economic, ecological and 
social objectives – as a tool for influencing a single decision maker to 
explicitly value non-financial objectives by optimising over the three 
different objectives. Halpern et al. (2013) note that maximising con-
servation goals and achieving equity in social outcomes, while 

minimising overall costs, is the ideal TBL outcome. In a fisheries con-
text, Stephenson et al. (2017) proposed four “pillars of sustainability” 
that include institutional aspects in addition to economical, ecological 
and social “pillars”. Pascoe et al. (2013b) also considered institutional 
or managerial objectives of “simplifying and improving management 
structures”. 

In fisheries, several jurisdictions have legislated the consideration of 
multiple objectives. For example, the United States Magnuson-Stevens 
Fishery Conservation and Management Act (1996) mandates con-
sideration of economic and social outcomes in addition to environ-
mental outcomes in National Standard 8. In Australia, the Fisheries 
Management Act 1991 requires the effective integration of long-term 
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and short-term economic, environmental, social and equity considera-
tions into policy development for Commonwealth-managed fisheries 
(Department of Agriculture and Water Resources, 2018), while the 
Productivity Commission Inquiry into Marine Fisheries and Aqua-
culture also reinforced the need to include social, economic and en-
vironmental considerations into fisheries policy and management 
(Productivity Commission, 2016). 

Concurrent with the recognition of the need to include multiple 
objectives into fisheries management has been the increased develop-
ment and adoption of harvest strategies to assist in management deci-
sion making. Harvest strategies comprise pre-agreed monitoring and 
performance indicators (usually obtained from a stock assessment), and 
decision or harvest control rules invoked in response to the assessment, 
that are collectively used to control fishing mortality on the target 
species (Butterworth and Punt, 2003; Punt et al., 2002; Sainsbury et al., 
2000). In fisheries management, harvest strategies are used for tactical 
fisheries management to set control variables such as the Total Allow-
able Catch (TAC) or limit recreational catch through daily bag limits 
per person (Garcia et al., 2003). Concomitant with the development of 
harvest strategies has been the development of quantitative tools to 
assess potential harvest strategies. In particular, Management Strategy 
Evaluation (MSE) has developed as a formalised approach to pre-test 
different harvest strategies via simulation before their implementation 
(Punt et al., 2016; Smith, 1994; Smith et al., 1999). 

Although the recognition of the importance of consideration of TBL 
(and in some cases the extended fourth pillar relating to governance) 
outcomes in fisheries management has occurred concurrently with the 
recognised benefits of the use of harvest strategies to aid management 
decision making, the implementation of TBL has not been oper-
ationalised within fishery harvest strategies (Mangel and 
Dowling, 2016) nor MSE. Indeed, Elkington (2018) sought to recall and 
rethink the TBL concept, stating that it has “failed to bury the single 
bottom line [economic] paradigm”. 

In this paper, we present a quantitative, non-commensurable-unit 
approach, via a multi-indicator objective function to set TACs for three 
main species groups in the Queensland reef line fishery on Australia's 
Great Barrier Reef. The fishery is complex in that it i) comprises several 
sectors with disparate motivations, including commercial, charter and 
recreation; ii) targets multiple important reef species; and iii) is un-
dertaken in a World Heritage Area facing significant pressures ranging 
in scale from local to global (Great Barrier Reef Marine Park 
Authority, 2019). The Queensland Government's Sustainable Fisheries 
Strategy 2017–2027 states that TBL objectives should be considered in 
the development of harvest strategies for all major fisheries that fall 
within their jurisdiction (State of Queensland, 2017). We use simulation 
with explicit objective preference weights. We focus the requisite 
methodology for explicitly incorporating all objectives as quantifiable 
and comparable through the development of a scaled performance in-
dicator for each objective. 

Our approach is consistent with the “efficiency frontier” 
(Halpern et al., 2013), which is a curve or surface on which optimal 
solutions lie, different solutions representing different weights given to 
conservation versus equity goals. We consider the objective weighting 
profile for different stakeholder groups as part of an integrated value 
function that is optimised across a suite of catch levels (cf.  
Rindorf et al. (2017) who progressively refine a suite of fishing mor-
talities corresponding to sustainable yield). Moreover, our approach 
provides a means to reconcile alternate stakeholder objective pre-
ferences. That is, we present a formal way by which to trade off the 
objectives across the various sets of weightings, where these show a 
lack of agreement amongst stakeholders. This demonstrates a rational 
approach to “mutually disagreeing”. 

2. Background 

2.1. Incorporating multiple objectives into fisheries management decision 
making 

To date, consideration of the TBL and governance objectives has 
been largely limited to conceptual treatment (Stephenson et al., 2017) 
or intuitive forecasting methods using expert opinion (Bernstein and 
Cetron, 1969; Dichmont et al., 2012, 2014; Pascoe et al., 2019). For 
example, Pascoe et al. (2009) presented a qualitative framework that 
aids in the analysis of alternative spatial management options in coastal 
fisheries. The framework combined expert opinion and the Analytic 
Hierarchy Process (Saaty, 1980) to determine which options performed 
best, taking into account the multiple objectives inherent in fisheries 
management. Read and West (2010) used a qualitative Ecological Risk 
Assessment to assess the effectiveness of managed-use zones in six 
multiple-use marine parks located in New South Wales. Dichmont et al. 
(2012, 2016) employed an expert group to qualitatively develop dif-
ferent governance “strawmen” (or management strategies). These were 
assessed by a group of industry stakeholders and experts using multi- 
criteria decision analysis techniques against the different objectives; 
one strawman clearly provided the best overall set of outcomes given 
the multiple objectives. 

Development of quantitative models, such as those underlying 
“standard” MSE, to assess multi-objective outcomes of harvest strate-
gies has been complicated by the abstract nature of some of the ob-
jectives, particularly social objectives. A major problem is that arbitrary 
increases or decreases in catch or effort have often become a proxy for 
socio-economic considerations (Mangel and Dowling, 2016).  
Dichmont et al. (2010) illustrate that this is a fraught assumption. While 
maximum economic yield (MEY) has been identified as a primary 
management objective for Australian fisheries, first attempts at esti-
mating MEY as an actual management target for an actual fishery (ra-
ther than a conceptual or theoretical exercise) highlighted some sub-
stantial complexities generally unconsidered by theoretical fisheries 
economists. Using a bioeconomic model of an Australian fishery for 
which MEY is the management target, Dichmont et al. (2010) showed 
that unconstrained optimisation may result in effort trajectories that 
would not be acceptable to industry or managers. For example, while in 
theory it may be economically optimal to reduce fishing effort in the 
short term, most bio-economic models did not account for the costs 
associated with effort reduction or fishery closure, nor may it be pos-
sible for fishers to survive a short-term period of negative profits, be-
cause vessels still need to cover their fixed costs (see Mangel (2006) pg 
218 for a simple example). Additionally, in the case of recreational 
fishing, economic value extends to non-catch aspects (such as catch 
rates, available fishing days, and season length), as well as the trade- 
offs between attributes that are trip-based and those that measure op-
portunity over a season (Young et al., 2019). Clearly, catch and effort 
are not socio-economic proxies, so that both short-and long-term social 
objectives need to be considered explicitly within any formal evaluation 
framework that is used to operationalise the TBL. 

Benson and Stephenson (2018) reviewed TBL methods and found 
that two of seven proposed tools to support decision making in the 
management system could provide tactical advice, but only Manage-
ment Strategy Evaluation (MSE) provided advice that was consistent 
with their criteria for generation, transmission, and use of scientific 
information in management advisory processes. Even MSE (e.g.,  
Plagányi et al. (2012, 2013)) is conditioned on how TBL objectives are 
weighted, and there is no means to formally make recommendations 
that reconcile different interest groups. 

Stephenson et al. (2017) identified three key impediments to em-
bracing TBL and governance objectives in a full quantitative analysis: 
the lack of explicit social, economic and institutional objectives; the 
lack of a process for routine integration of all four pillars of sustain-
ability; and a bias towards biological considerations. Incorporating 
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social relationships, together with economic and ecological sustain-
ability objectives into models to provide management advice is chal-
lenging, particularly when this advice requires complex trade-offs be-
tween objectives (Pascoe and Dichmont, 2017). The process is further 
complicated by differences in quality and quantity of data across fish-
eries and difficulties in quantifying social objectives and outcomes. 

Quantitative attempts to address the TBL have been made using 
bioeconomic modelling, but social objectives have generally been 
downplayed, and the treatment has largely been theoretical as opposed 
to operational (Pascoe et al., 2017). Plagányi et al. (2012) and  
Plagányi et al. (2013) used a suite of integrated models to capture 
multiple objectives, aimed at assessing TBL outcomes of different al-
locations between islander and non-islander fishers of the Torres Strait 
Rock Lobster Fishery, as well as different management strategy out-
comes. These included a Bayesian Network model to assess how the 
islander sector might respond to different management strategies and 
allocations (van Putten et al., 2013), and a model of non-islander fleet 
adjustment under different quota allocations (Pascoe et al., 2013a). The 
economic implications of the fleets’ effort levels were assessed using a 
bioeconomic model (Plagányi et al., 2012). 

Where social objectives have been explicitly included in quantita-
tive models, these have often been limited to metrics that can be readily 
linked to catch or effort levels, such as employment. For example, 
multi-objective goal programming models included economic (profits), 
social (employment) and environmental (stocks size, discards etc.) ob-
jectives as specific targets, and estimated the fleet structure and catches 
required to optimise the fishery performance across these objectives 
given different objective weights (e.g. Charles, 1989; Mardle et al., 
2000; Pascoe and Mardle, 2001). More recently, bioeconomic models 
based on co-viability analysis have been developed to assess manage-
ment strategies that achieve at least minimum levels of outcome under 
each TBL objective (e.g. Gourguet et al., 2016). 

More commonly, bioeconomic models have been applied to address 
just the economic and environmental TBL pillars. Zimmermann and 
Yamazaki (2017) modelled a multi-stock fishery to study how biolo-
gical and economic management objectives were affected by stock in-
teractions. Punt et al. (2010) modelled the Australian Northern Prawn 
Fishery, focusing on MEY and the level of effort in each of two fishing 
strategies to maximise the net present value of fishery profits.  
Gaichas et al. (2017) used a length-structured, multispecies, multi-fleet 
model to illustrate trade-offs between objectives of yield, biomass, 
species diversity and revenue, under changing environmental condi-
tions. Guillen et al. (2013) estimated MSY and MEY in multi-species and 
multi-fleet fisheries, and analysed the resulting impacts on the optimal 
effort allocation between fleets that had different economic structures.  
Griffin and Woodward (2011) analysed a wide range of recreational 
management strategies and their impacts on red snapper yield, eco-
nomic surplus and fish stock. Dichmont et al. (2013) used an MSE that 
included a bio-economic and ecosystem model to evaluated marine 
spatial closures with conflicting fisheries and conservation objectives. 

Pascoe et al. (2013b) showed the importance of stakeholder pre-
ferences in TBL management by assessing the relative importance of the 
different objectives to different stakeholder groups in the Queensland 
East Coast Otter Trawl Fishery, Australia. Across stakeholder interest 
groups, preference weightings showed a 4-fold difference in economic 
outcomes, 2-fold difference in social outcomes, and almost 2-fold dif-
ference in environmental outcomes. This motivates the need to re-
concile weightings, and TBL harvest strategies, across interest groups. 

To be sure, operationalising the triple bottom line, beyond a simple 
conceptualisation is complex. Embedding the TBL in formal manage-
ment requires each of the TBL objectives to be operational (quantifi-
able) as a performance indicator, and objectives need to be weighted 
according to individual preferences, which will naturally vary across 
the fishery's stakeholders. Objectives need to be evaluated in the con-
text of a formal harvest strategy, and preference weightings need to be 
reconciled amongst and between stakeholder groups. Finally, for 

quantitative evaluations, operational objectives need to be direct or 
indirect functions of the management mechanism used within the 
harvest strategy. 

Despite these challenges, legislative mandates require TACs to be set 
based on TBL objectives and their associated performance indicators. 
The challenges need to be met in a quantitative manner. The question 
remains as to how to optimise a TBL value function, given a set of 
weightings, across a range of scenarios and a range of stakeholder in-
terest groups. Richerson et al. (2010) showed that, by using relative 
quantities, triple bottom line performance metrics that were otherwise 
incompatible could be made commensurate. Mangel and 
Dowling (2016) demonstrated a more fundamental way of interpreting 
weightings for various stakeholder groups, in the form of a single TBL 
value function. Our simulation approach builds on and extends this 
previous work. 

2.2. Case study fishery: the Queensland Coral Reef Finfish Fishery 

The Queensland Coral Reef Finfish Fishery ranges from Cape York 
(10˚41′S) in the north, to Bundaberg (24˚30′S) in the south, operating 
mostly within the Great Barrier Reef Marine Park. The commercial 
sector mainly targets several species of coral trout (Plectropomus and 
Variola spp., CT), of which P. leopardus is predominantly landed as live 
fish and exported to Asia; red-throat emperor (Lethrinus miniatus, RTE); 
and over 100 other reef-associated fish species (OS) including groupers 
(mainly Serranidae), emperors (Lethrinidae) and tropical snappers 
(mainly Lutjanidae), landed as dead whole fish (Thébaud et al., 2014). 
In addition, there is a large, valuable and iconic recreational fishery, a 
regional charter fishery, and a small indigenous fishery. 

Commercial operators use hand-held lines with baited hooks, with 
vessels ranging from single, small vessels that take short (12–48 hour) 
trips, to small fishing dories (tender boats) operating from larger mo-
ther vessels that undertake trips of up to three weeks. Commercial 
fishers employ various targeting strategies: some boats are fully dedi-
cated to live CT capture, while others actively target a broader range of 
species. The commercial fishery is subject to a range of input and output 
controls, including limited entry, a commercial total allowable catch, 
allocated via individual transferable quota (ITQ) units, tradability of 
input and output entitlements, and seasonal spawning closures. The 
recreational and charter fishery is controlled through control of inputs 
such as daily limits per species group per fisher, and seasonal spawning 
closures. Within the Great Barrier Reef Marine Park there are also no- 
take areas that apply to this fishery. 

The fishery has a Working Group consisting of stakeholders from the 
commercial, recreational and charter sectors, a conservation sector 
representative, fisheries and marine park managers, and scientists. The 
Working Group provides advice to Fisheries Queensland on the opera-
tional aspects of the management of the fishery, including the devel-
opment of a harvest strategy for the fishery. 

3. Methods 

3.1. Objectives, performance indicators and preference weightings 

Previous studies of fisheries management objectives in Australian 
fisheries (Brooks et al., 2015; Farmery et al., 2019; Jennings et al., 
2016; Pascoe et al., 2014, 2013b) identified 75 different potential ob-
jectives, each of which fell in one of the following categories: ecolo-
gical/environmental, economic, social and institutional/management. 
With these as a starting point, a series of workshops held with members 
of the Working Group (approximately 20 different individuals were 
involved in the discussions) allowed us to iteratively identify the 22 
objectives of most relevance to the fishery (Table 1). One objective 
(4.2.2) was considered to be outside of the mandate of fisheries man-
agers and therefore the control of a harvest strategy. As a result, only 
the remaining 21 objectives were considered in the simulation. 
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We translated each conceptual objective into an operational objec-
tive. To be operational, an objective had to be measurable and simu-
lation-achievable, with quantitative performance indicators against 
which it could be assessed (Table 1, Table SI 1). 

We used a modified version of the Analytical Hierarchical Process 
(Pascoe et al., 2019) through an online survey of 110 fishery stake-
holders to elicit preference weights. The approach used comparisons of 
each set of objectives at each level of the hierarchy (i.e. the overarching 
objectives, sub-objectives and specific objectives in Table 1) and pro-
duced relative weights by stakeholder group at each level.  
Pascoe et al. (2019) fully describe the approach taken to weight the 
objectives and details of the resultant weights associated with each of 
the objectives. 

3.2. Simulation model 

To more quantitatively evaluate TBL and governance objectives, we 
developed a simulation model, approximating the three main species 
groups in the fishery: coral trout (CT), red-throat emperor (RTE), and 
other species (OS). The simulation is not fitted to data and is based on 
the assumption of perfect information: it contains neither a stock as-
sessment nor a sampling model to estimate underlying biomass. 
However, to give the simulation model more fidelity to nature, we 
calibrated species’ biomass levels and trends using stock assessment 
models (Leigh et al., 2006, 2014; O'Neill et al., 2011) and the historical 

catch data for the different sectors (described in detail below). 
We simplified the fishery to two latitudinal regions (north and 

south), noting that, longitudinally, all commercial fishers concentrate 
their effort on the mid-shelf along an essentially north-south coastline. 
We chose the boundary between regions at latitude 18.1°S to allow for 
both lower fishing intensity and greatly decreased abundance of red- 
throat emperor north of this latitude, as presently occurs. We assumed 
no fish movement between regions, and region-specific recruitment. In 
the projections, we assumed that the charter and recreational fishing 
mortality were equally distributed between regions. We distributed the 
commercial fishing mortality as per equation (13) in Supplementary 
Material 1.5 (Little et al., 2007). 

In a 31-year historical period of the simulation, we calculated 
fishing mortality based on the species-, sector- and region-specific his-
torical catches for the two regions, after which we used the optimisa-
tion to determine a total allowable catch for each species group, allo-
cated to one or more sectors, for a subsequent 25 years. The TACs also 
had the option of being region-specific. In Supplementary Material 1, 
we provide a full description of the population dynamics. 

We optimised, over a range of possible TAC levels, a value function 
for each of a given set of stakeholder group weightings. This approach 
allowed us to test any harvest strategy decision rule, but here we lim-
ited our treatment to determining optimal species-specific, and, for 
some scenarios, region-specific, TACs across the operational objectives. 
We assumed that the optimised TACs were fully realised, with no over- 

Table 1 
Summary of the 22 fishery objectives identified by the Working Group.     
Overarching objective Sub-objectives Specific objectives  

1. Ensure ecological 
sustainability 

1.1. Ensure resource biomass sustainability 1.1.1 As per the Queensland Sustainable Fisheries Strategy, Policy achieve 
BMEY (biomass at maximum economic yield) (~60% unfished biomass), or 
defensible proxy, by 2027 (if below biomass at maximum sustainable yield, 
BMSY, aim to achieve BMSY (~40–50% B0) by 2020), for the main commercial, 
charter and recreational species (coral trout, RTE and key other species yet to 
be identified)   
1.1.2 Minimise risk to Other Species (that are harvested, per the “Other 
Species” list) in the fishery which are not included in 1.1.1. above  

1.2 Ensure ecosystem resilience 1.2.1 Minimise risk to bycatch species   
1.2.2 Minimise discard mortality (of undersized target species, or from high- 
grading of target species)   
1.2.3 Minimise broader ecological risks   
1.2.4 Minimise risk to threatened, endangered and protected species (TEPS)  

1.3. Minimise risk of localised depletion 1.3.1. Due to fishing   
1.3.2. In response to environmental event (e.g. cyclone, climate change) 

2. Enhance fishery economic 
performance 

2.1 Maximise commercial economic benefits, as combined 
totals for each of the following sectors 

2.1.1 Commercial fishing industry profits   

2.1.2 Charter sector profits   
2.1.3 Indigenous commercial benefits  

2.2. Maximise value of recreational fishers and charter 
experience (direct to participant)   
2.3 Maximise flow-on economic benefits to local communities 
(from all sectors)   
2.4 Minimise short term (inter-annual) economic risk   
2.5 Minimise costs of management associated with the harvest 
strategy: monitoring, undertaking assessments, adjusting 
management controls  

3. Enhance management 
performance 

3.1 Maximise willingness to comply with the harvest strategy  

4. Maximise social outcomes 4.1 Maximise equity between recreational, charter, 
indigenous and commercial fishing 

4.1.1 Increase equitable access to the resource  

4.2 Improve social perceptions of the fishery (social licence to 
operate) (rec, commercial, charter, indigenous) 

4.2.1. Through sound fishing practices, minimise adverse public perception 
around discard mortality (compliance with size limits, environmental 
sustainability, and waste)   
4.2.2. Maximise utilisation of the retained catch of target species   

4.2.3 Through achievement of objectives 1.1 and 2.3, maximise the potential 
for fishing to be perceived as a positive activity with benefits to the 
community (commercial, recreational, and charter)  

4.3 Enhance the net social value to the local community from 
use of the resource 

4.3.1 Increase access to local seafood (all species)   

4.3.2 Maximise spatial equity between regions or local communities 
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or under-catch. 
Following Richerson et al. (2010) and Munch et al. (2017), we de-

fined a quantitative performance indicator for each of the 21 opera-
tional objectives, which had to be a function (directly or indirectly) of 
the management control; in this case, the TAC. Defining these opera-
tional objectives required strong assumptions about the relationship 
between the resource, fishery and control rule, particularly for the so-
cial objectives (Table SI 1, Supplementary Material 1). In general, the 
objectives are denominated in different units, so were normalised from 
0 to 1 (with 0 being the “worst” performance, and 1 the “best”), to 
make the performance metrics commensurate (Richerson et al., 2010). 

In setting functional forms for the performance indicators (i.e. de-
termining the relationship between the performance indicator and the 
TAC), and associated target and limit reference points, we had to ensure 
that the logic remained as consistent as possible throughout, to avoid 
nonsensical or uninformative zones along the solution surface. 
Specifically, we: i) avoided uninformative “plateaus” to the extent 
possible. That is, we avoided “hockey stick” style relationships where 
the value of the performance indicator remained at 1 above the target 
reference point, and rather penalised the performance indicator as a 
function of its distance from the target; ii) detected and removed “im-
possible conflicts” that compromised the fitting process (for example, if 
the target reference points for the relative biomass of each species are 
such that OS relative biomass is greater than its target reference point, 
while CT and RTE relative biomasses are less than theirs, it is very 
difficult to optimise the TACs when different species are being driven in 
different directions); and iii) ran the simulation using single, or subsets 
of, performance indicators only, to ensure that each was behaving as 
anticipated. The functional forms of each performance indicator are 
illustrated in supplemental figure 1.8. 

Having defined the 21 quantitative performance indicators, we then 
applied a corresponding stakeholder preference weighting to each 
performance indicator and summed to obtain an overall value. The 
value function in year y for any set of stakeholder group g’s objective 
preference weightings is 

= =V PI Wt·g g y
j

j y j g, ,
1

21

, ,
(1) 

where PIj,y is the value of performance indicator j in year y, and Wtj,g is 
the weighting of performance indicator j by stakeholder group g. In 
each year y of the simulation projection, we optimised to find the 
species-specific TACs that maximised Vg, g, y (Mangel and Dowling 
2016). 

To ensure that the global minimum was achieved when optimising 
across a rugged likelihood profile, we initialised (“peppered”) the 
model using 64 different parameter combinations of initial TAC values 
(for those scenarios for which TACs were also region-specific, one-third 
of the species’ initial TAC value was assigned to the northern region, 
and two-thirds to the southern region). That is, initial values for each 
species’ TAC were set at 300t, 1000t, 2000t or 3000t (4 sets of values 
for each of 3 species = 4 × 4 × 4 = 64 initial parameter value 
combinations). These values were initial guesses for the TAC para-
meters based on the historical catch levels, and used for each year of the 
projections, that were then changed through estimation by the opti-
misation process. 

Given the optimum TACs for each stakeholder group's weightings, 
we calculated the value function using the weightings of every other 
stakeholder group. For each year, this gives a matrix of values ac-
cording to each set of stakeholder group weightings, calculated using 
the performance indicators derived from the optimal strategy (TAC) for 
each stakeholder group. We write this as a matrix in which each row 
represents one stakeholder group's optimal strategy, which is applied to 
each stakeholder group's preference weighting, by column. Thus, for n 
stakeholder groups, we have a matrix of the form 

V V V V
V V

V V

V V V V

y y g y n y

y n y

g y g g y

n y n y n g y n n y

1,1, 1,2, 1, , 1, ,

2,1, 2, ,

,1, , ,

,1, ,2, , , , ,

Each column of the matrix is standardised relative to the value for 
that column's stakeholder group for which the strategy is optimal, so 
that the diagonal elements are equal to 1. 

We used two alternative criteria to select the overall optimal TAC: i) 
the highest average value across all stakeholder weightings (i.e., the 
row of the matrix that has the highest average, indicating that the 
strategy is overall optimal across all preference groups), and ii) the 
highest minimum value across all stakeholder weightings (the “max-
imin” criterion; the row of the matrix that has the highest minimum 
value across, indicating that this strategy results in the “minimum 
whinge” across all preference groups). 

3.3. Input data 

The historical harvest and effort data for each of the three species 
groups, for each of the commercial, charter and recreational sectors, 
span the 31 years from the beginning of the Queensland commercial 
logbook database in 1988 to 2018. Specific species targeting informa-
tion was generally not available. The commercial sector focuses 
strongly on coral trout, so that we could quantify effort from com-
mercial vessels equipped for live CT, but we could not delineate activity 
directed at dead CT, RTE and OS. 

Commercial and charter harvest and effort came from the logbook 
database that has been compulsory for commercial fishers since 1988 
and for charter fishers since 1996. We extrapolated charter data back to 
1988 by assuming that they were constant over the period 1988–1996. 

Recreational harvest and effort came primarily from the Australia- 
wide National Recreational and Indigenous Fishing Survey in 2000, and 
Queensland's Statewide Recreational Fishing Surveys in 2011 and 2014 
(Henry and Lyle, 2003; Taylor et al., 2012; Webley et al., 2015). In-
formation in some other years (1997, 1999, 2002 and 2005) came from 
Queensland surveys that used different methodology. The latter surveys 
were used only as a trend and their overall estimates were scaled to 
match that from the 2000 survey. We interpolated data loglinearly for 
the years between 1997 and 2014 in which surveys were not carried out 
and assumed recreational harvest and effort were constant from 1988 to 
1997, and from 2014 to 2018. We subtracted charter records from the 
recreational surveys in order to avoid double-counting of charter data: 
we regarded the charter logbook database as more accurate and it also 
included data from guests who did not live in Queensland. 

We defined effort for the commercial and charter sectors respec-
tively as the number of commercial-dory days or charter-guest days on 
which any fish were caught. Reliable data were not available on any 
finer time scale such as hours fished, or on days on which no fish were 
caught. For the recreational sector, we defined effort as the number of 
person-days on which fishing took place, including zero catches. Such 
measures of effort are particularly suited to TBL inputs such as costs of 
fishing, quality of fishing experience and impacts on non-target species. 
Their associated catch per unit effort (CPUE) ratios were less accurate 
indices of abundance of fish than would have been produced by, for 
example, standardisation by generalised linear models. 

In Appendix Table A1, we summarise the general model and bio-
logical input parameters. They were derived from stock assessments of 
CT (Leigh et al., 2014), RTE (Leigh et al., 2006), and parameters for 
tropical snappers Lutjanus spp. (O'Neill et al., 2011). Lutjanus spp. 
constitute a substantial proportion of the OS catch, and many of them 
are long-lived, thereby providing contrast with CT and RTE, and pro-
viding a precautionary slant to the analysis. For the OS group, we used 
growth and weight-at-length for crimson snapper L. erythropterus, which 
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are typical of the size of species in the OS category. We chose OS values 
of 0.15 yr–1 for the natural mortality rate M and 8 years as the age at 
maturity as typical for tropical red snappers. The value of the initial 
population-size parameter (see SM for details) for OS is a conservative 
educated guess to produce exploitable biomass approximately three 
times that for coral trout, bearing in mind that the OS category covers a 
multitude of species. The proportional splits of recruit numbers into 
regions was based on historical catch sizes, adjusted for the lesser in-
tensity of commercial and charter fishing in the northern region (see SM 
for further details). 

The number of age classes (20) was sufficient to embrace the life-
spans of CT and RTE. Some of the OS species such as Lutjanus spp. live 
to more than 40 years but are still adequately covered by 20 age classes 
because they grow relatively quickly. Moreover, the final age class is a 
“plus group” containing all fish aged 19 years or more. 

3.4. Alternative TAC specifications 

3.4.1. Commercial TAC only 
We began by applying a dynamic TAC only to the commercial 

sector. Currently, the charter and recreational sectors have no TAC, and 
the historical data for the charter and recreational sectors show a re-
latively constant catch over recent time (Fig. 1). Thus, we fixed catch 
for these sectors, based on the average catch for each species group over 

the final three years of the historical time series. 
Unless stated otherwise, in this and all other scenarios used the 

highest average, to obtain the “winning” stakeholder group preferences. 

3.4.1.1. Commercial TAC optimised with "Maximin" criteria. When 
determining the overall optimal TAC across stakeholder groups, we 
took as the default the highest average value across all stakeholder 
weightings. In this scenario, the TAC was assigned to the commercial 
sector TAC only, but using the “maximin” criteria, as opposed to using 
the highest average, to obtain the “winning” stakeholder group 
preferences. That is, the “maximin” approach takes the highest 
minimum value across all stakeholder weightings, indicating that this 
strategy results in the minimum loss of value across all preference 
groups. 

3.4.2. Commercial and charter TAC 
3.4.2.2. Base 2-TAC and 1 area. One of the alternative harvest strategy 
options proposed by the fishery Working Group was for the charter 
sector to have its own TAC. For this scenario, we divided the modelled 
TAC as a fixed proportion (based on historical precedence) between the 
commercial and charter sectors. The recreational projected catch 
remained a fixed catch as described above. 

This commercial and charter TAC scenario formed the basis for 
several additional scenarios including simulating the effect of 

Fig. 1. Reconstituted or actual historical time series of commercial, charter and recreational catch in the Coral Reef Finfish Fishery, by species group and region.  

N.A. Dowling, et al.   (FRORJLFDO�0RGHOOLQJ������������������

�



environmental perturbations and climate change. 
The reasons for building from this 2-sector alternative scenario ra-

ther than a commercial only TAC is because the former scenario con-
ferred greater flexibility across the fishery through enabling the ma-
jority of the catch to be dynamically modelled, and it was a key scenario 
considered in the Pascoe et al. (2019) study of the same fishery. 

3.4.2.3. Cyclone (“acute” event) and climate change (chronic regime 
shift). To consider the effect of key environmental influences, we 
simulated acute and chronic environmental change in a simple way. 
Although these simulations are rudimentary, they allow us to 
acknowledge the importance of such external forces to the fishery 
(Hughes et al., 2018; Kim et al., 2019) and to illustrate how their 
impacts might be considered. 

Tropical cyclones are semi-regular events that correlate with major 
falls in fishery catch rates of the primary target species group coral trout 
(CT) in the southern region of the fishery, with simultaneous increases 
in red-throat emperor (RTE) catch rates (Bureau of Meteorology, 2019;  
Courtney et al., 2015; Queensland Government, 2019). We simulated a 
single cyclone event in the 5th year of the projection period, by reducing 
the availability of the CT species group by 40% and increasing avail-
ability of the RTE species group by 20% in the southern region for years 
5–8. That is, we assume no impact on the underlying biomass, but ra-
ther on the availability of these species groups to the fishery. 

We modelled climate change as a 1% per year migration of all 
species from the northern to the southern region, as well as an overall 
reduction of abundance of all species by 0.7% per year. These figures 
were chosen as levels that made a substantial difference but not enough 
to cause a complete fishery collapse. 

3.4.2.4. Over-exploited resource. To acknowledge that the level of 
historical fishing pressure was not high for all species, particularly for 
RTE and OS species groups, we considered a scenario where the stock 
was heavily fished for an additional 10 years before the projections, 
with constant catches by each fleet in each region of 1.6 times, 100 
times, and 4 times that of the final historical year for CT, RTE and OS, 
respectively. These multipliers were chosen to give catch levels that 
would drive each species toward the limit reference point of 20% of the 
initial biomass by the end of the additional 10 years. In the case of RTE, 
the population biology was so resilient that even 100 times the final 
year catch only drove the stock level down to 47% of the initial stock 
size. For the CT and OS species groups, any heavier fishing than 1.6 or 
4.0 times the final historical year would drive older age classes to 
extinction. 

3.4.3. Area-specific TAC scenario 
We also ran an additional simulation in which TACs were set by 

region (thus 6 TACs per annum). We used the fleet dynamics models 
developed in previous studies of the fishery (Little et al., 2007, 2016) to 
distribute fishing mortality by area. 

3.4.4. Commercial, charter and recreational TAC 
In an additional scenario, we assigned all sectors fixed proportions 

of the modelled TAC. For each of these scenarios, the species-group- 
specific TACs were for the whole fishery with all regions combined (3 
TACs per annum). We used the previously developed fleet dynamics 
models (Little et al., 2007, 2016) to distribute fishing mortality. It 
should be noted that an annual (non-charter) recreational TAC is not 
practicable for the fishery, as there is no mechanism to record recrea-
tional harvest in close to real time. This case is modelled but only as a 
single scenario. 

3.5. Model uncertainties and sensitivity analysis 

Because the emphasis of this paper is a simulation that oper-
ationalises a multi-objective (TBL and governance objectives) harvest 

strategy, and there are multiple levels of unknowns and assumptions, 
the results should be interpreted with caution. The underlying oper-
ating model incorporates assumptions around the groupings of species, 
the fleet dynamics, and fish movement and recruitment patterns and 
these are assumed known. We also simplified the spatial regions and the 
characteristics of the commercial fleet (in combining “live” and “dead” 
CT fishers, dedicated RTE and OS fishers), as well as various inferences 
to approximate the historical catch and effort for the recreational 
sector. 

Furthermore, translating each conceptual objective into a quantifi-
able operational objective (performance indicator) that is some func-
tion of the catch or effort requires assumptions concerning the form of 
the relationship for each performance indicator, the values of any as-
sociated reference points, and tolerance thresholds (Table SI 1). One 
way to have reduced the associated uncertainty would have been to 
have used higher-order (hence, fewer) objectives, but we did not do so 
because these were too vague in their articulation and contained too 
much inherent (hidden) detail to be sufficient for purpose. 

Consequently, we undertook simple sensitivity analyses wherein we 
fixed the form of the relationship of each performance indicator and 
considered only one alternative parameter specification. The form of 
each sensitivity test is described in Appendix Table A2. We found that 
the performance indicators related to target species sustainability and 
commercial profitability resulted in the strongest changes (increases or 
reductions) in interannual variability in species-group-specific catch, 
and across the suite of performance indicators. The latter is un-
surprising, since most of the performance indicators are functions of 
catch and biomass. 

In general, the indicator values that were most strongly affected 
within sensitivity tests were those to which the change in specification 
was being applied. However, other performance indicators were af-
fected by changes in the parameter values of any one performance in-
dicator, typically with an increase in variability about their mean, if not 
a change in their mean values. Generally, across all the indicator-spe-
cific scenarios considered, the most sensitive indicators were the eco-
logical indicators pertaining to minimising risk to bycatch species 
(objective 1.2.1) and discarding (objective 1.2.2), and the related social 
perception of the fishery (objective 4.2.1). The former two are functions 
of effort and size structure, respectively, which were more affected by 
the sensitivity tests than overall catch and biomass. 

4. Results 

4.1. Historical catch data 

Across both the north and south regions, catches generally increased 
to a peak in about 1998, before stabilising or declining from around 
2003 when there was a major fishery restructure through the in-
troduction of ITQs and no take areas were increased (Fig. 1). Catches 
were much higher in the southern region partly due to higher human 
population numbers, and also due to regional differences in species 
distribution. Coral trout dominated the commercial catch, while the 
“other species” group dominated the charter and recreational catches, 
particularly the recreational sector in the south. The charter sector had 
the lowest catches of the three sectors. 

In terms of modelled relative biomass, by the end of the 31-year 
historical time series, CT was recovering from being reduced to ~30% 
B0 at around year 22, to be at ~40% B0. RTE relative biomass was 
reduced to ~75% B0 by year 17, but then increased to be above 90% B0 
by the end of the historical time series. OS biomass was at ~80% B0 by 
year 31, up from ~73% B0 in year 17. 

4.2. Key scenarios 

For each scenario, we present time series of total catch (Fig. 2) 
(species-specific catch time series are also provided in Fig. A1), total 
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final biomass (Fig. 3) (biomass time series are also provided in Fig. A2) 
for each species group, as well as the mean of each of the 21 perfor-
mance indicators, taken across the 25 projection years (Fig. 4) (means 
with standard deviations are also provided in Fig. A3). 

Keeping the charter and recreational catches constant constrained 
the commercial TAC setting: total catch for each species showed very 
little variation from the final historical year (Fig. 2). CT and OS bio-
masses continued to increase to over 60% and 80% B0, respectively, 
while RTE biomass stabilised at over 90% B0 (Fig. 3). This optimised 
economic benefits of minimising interannual variability in profit (ob-
jective 2.4) and costs of management (objective 2.5), and the social 
objective of maximising equity between sectors (Fig. 4). However, this 
was at the expense of the maximum economic yield not being reached 
(per lower values of profitability performance indicators relating to 
objectives 2.1.1–2.1.3), with stocks not being fished to BMEY. To have 
achieved this would have required an extreme increase in commercial 
TAC that would have compromised other performance indicators, such 
as discarding (a function of effort) the equity between sectors (objective 
4.2.1), and interannual variability in profit (objective 2.4). 

Assigning TAC to the commercial sector only, but using the “max-
imin” criteria, as opposed to using the highest average, to obtain the 
“winning” stakeholder group preferences, increased RTE catch (Fig. 2) 
such that RTE biomass achieved its target (Fig. 3). This shows the 
sensitivity to, and hence the importance of, the criteria used to de-
termine the “winning” set of stakeholder group preference weightings 
in each year. Using the “maximin” criterion, the most predominant 
winning stakeholder groups were quota owners and commercial fishers 
and processors/buyers/wholesaler, while the charter and recreational, 
and “other” group categories were the predominant winners using the 
“highest average” criterion. The most marked differences between these 
sets of groups was that the former strongly favoured commercial (and 
the directly related indigenous) profits (objective 2.1) (driving in-
creased catches in RTE), and assigned less weighting to equity across 
the fishing sectors (objective 4.1) (such that the increased RTE catch for 
the commercial sector relative to the others was less important). 

For brevity, the results presented below are based only on the 
“highest average” criterion. 

The Working Group's proposed scenario of allowing both commer-
cial and charter sectors to have a dynamic TAC gave greater flexibility 
to the model. The catches of each species (combined across sectors) 
showed strong interannual oscillations, that were highest in magnitude 
in the first 5 years of the projection, but that ultimately fluctuated 
around an average (Fig. 2). There was an approximately 20x overall 
increase in RTE catch to average around 6000t, a slight overall increase 
in average OS catch to average around 1000t, and CT catch averaged 
around 1000t The increases in RTE and OS catch drove their respective 
relative biomasses down, such that all species stabilised around their 
targets of (for CT and RTE) between 0.4–0.6 B0, and (for OS) 0.4 B0 
(Fig. 3). We emphasise that we were careful to align the target reference 
points of all performance indicators, and that when these were mis-
aligned, the oscillations lead to chaotic time series with inconsistent 
magnitudes with no discernible average. 

When including performance indicators sequentially into the si-
mulation (results not shown), it became clear that the commercial and 
charter profitability performance indicators were primarily responsible 
for the observed oscillations in catch. When the catches of all species 
were combined, the total catch across species resulted in a relatively 
stable time series. Essentially, CT and RTE catches were inversely cor-
related, suggesting there were multiple optimal states (combinations of 
species-specific catch) for which profit is optimal. 

In terms of the performance indicators for this scenario, the target 
species sustainability indicators (relating to objectives 1.1.1, 1.1.2, 
1.3.2), the profitability (objectives 1.1.1–1.1.3), recreational value 
(objective 2.2) and flow-on economic benefits (objective 2.3) were all 
optimal for this scenario (Fig. 4). The cost of management, specified as 
a function of catch, also increased, such that the objective to minimise 

this was compromised (objective 2.5), as was (obviously, given the high 
variability in the early years especially) the objective minimising in-
terannual variability in profit (objective 2.4). Willingness to comply 
with the harvest strategy (due to increased management complexity 
(objective 3) was also slightly compromised. 

The performance indicators were at zero, indicating poorest possible 
performance, for the objectives of minimising broader ecological risk, 
and risk to Threatened, Endangered and Protected (TEP) species. Risk 
to bycatch species was also high (i.e. low value of objective 1.2.1) 
(Fig. 4). These performance indicators were specified as functions of 
effort, with targets and limits set at fractions of the historical value. 
With the increase in effort associated with the higher catches of RTE in 
particular, the performance of these objectives was compromised. 
Performance was also poor for discard mortality risk (objective 1.2.2), 
indicating the proportion of small-sized fish in the catch increased. As a 
result, performance associated with the public perception risk asso-
ciated with discards and TEP species (objective 4.2.1) was also low. 
Finally, equity between sectors (objective 4.1) and regions (objective 
4.3.2) was compromised. Since the targets were based on historical 
precedent, and RTE catch in particular broke that precedent, the targets 
may need to be revised, leading to a paradigm shift in the fishery 
management rule. 

When all three sectors received TAC, the catch trajectories again 
showed strong fluctuations in the first 5 years of the projections (Fig. 2), 
but thereafter were stable and smooth at levels that maintained the 
relative biomass at target levels (with the exception of a slight decrease 
in OS biomass at the end of the projected time series, albeit one still 
within the 10% tolerance about the target reference point of 40% B0) 
(Fig. 3). Relative to TAC being allocated to only the commercial and 
charter sectors, the main trade off in terms of performance indicators 
was the charter sector profit, since the TAC allocation that had pre-
viously been assigned to this sector was now being shared with the non- 
charter recreational sector (Fig. 4). The performance indicator relating 
to objective 2.2 (maximise value of recreational fishers and charter 
experience (direct to participant)) was optimal for both scenarios, be-
cause this is determined across both the charter and recreational sec-
tors. Despite the stable total catch trajectory, there was an increased 
interannual variability in commercial and charter profit (and so a lower 
value for the performance indicator relating to objective 2.4), in-
dicating higher interannual variability in how the catch is shared be-
tween sectors, likely due to multiple uniform states across the like-
lihood profile across various relative TAC proportions. Willingness to 
comply with the harvest strategy (due to further increased management 
complexity (objective 3)) was also slightly compromised. 

When TACs were set for the commercial and charter sectors sepa-
rately for each of the two regions, the increased flexibility had the result 
that the total catches for each species did not show the same strong 
interannual oscillations, and particularly, the overshooting in the first 5 
years of the projection, though, for CT, the longer-term interannual 
oscillations in catch were stronger in magnitude than for the non-re-
gion-specific-TAC scenario (Fig. 2). RTE catch again increased by ap-
proximately 20 times, and the average projected catches of all three 
species were ultimately similar to the non-region-specific-TAC scenario. 
Consequently, the relative biomass trajectories were also similar to the 
non-region-specific-TAC scenario, with the biomasses of all three spe-
cies being driven to their target values (Fig. 3). The CT biomass also was 
more stable than that for the non-region-specific-TAC scenario, which 
continued to increase throughout the projection. The stability is again 
likely due to the greater flexibility afforded by assigning TAC by region 
and thereby being able to more directly achieve the sustainability ob-
jectives. 

In terms of the performance indicators, there was little difference 
between the region-specific and non-region-specific TAC scenarios 
(Fig. 4). The main gains over non-area-specific TACs were small, and 
were mostly in terms of three objectives. The first two were i) the re-
duced discarding of undersize fish (objective 1.2.2), presumably 
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because the TACs were now being directed towards to the regions of 
higher relative abundance, and ii) the related improved public per-
ception that is partly related to discarding practices (objective 4.2.1). 
The third was slight improvement in the perception of equitable access 
by region (objective 4.3.2), possibly because, despite the increase in 
RTE catch, the relative regional TAC assignment may be more con-
sistent with past relative catch patterns on which the target was based. 

The cost of this improvement in performance indicators was in 
terms of the management “willingness to comply” objective (objective 
3), which is directly related to the increased number of management 

controls (TACs). Despite the reduction in high-magnitude oscillations in 
catch at the start of the time series, there was no change to the average 
interannual variability in the performance indicator (objective 2.4) 
relative to TACs being non-region-specific, likely because the total 
catches across all species for both scenarios showed relatively small 
interannual changes beyond the first projection year. 

The scenarios with environmental change resulted in very little 
medium- to long-term changes in catch and biomass (Fig. 2, 3). Recall 
that we simulated a cyclone in the 5th year of the projection period by 
reducing the availability (but not the actual abundance) of the CT 

Fig. 2. Time series of total catch (kg) summed across each species group, for each scenario considered.  

Fig. 3. Barplot of final year biomass, relative to the initial year, for each species group and scenario considered.  
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species group by 40% and increasing availability of the RTE species 
group by 20% in the southern region for years 5–8. Relative to the 
scenario with no environmental perturbations, this was reflected by a 
short-term reduction in CT catch from years 5–7 of the projection 
period (years 36–38). However, catch quickly recovered (since the 
underlying abundance was assumed to be unaffected) to its long-term 
stable state. In the same years, a short-term increase in RTE catch oc-
curred (Fig. 2). 

Given that all modelled species biomasses were well above their 
target reference points, the effect of the simulated climate change was 
due more to the 1% per year migration of all species from the northern 
to the southern region, than to the overall reduction of abundance of all 
species by 0.7% per year (Fig. 3). There was no effect on overall catch 
or biomass, nor most of the performance indicators (Fig. 4). There was a 
slight relative increase in discarding (a reduction in performance in-
dicator relating to objective 1.2.2, as well as a worsening of the asso-
ciated social perception indicator relating to objective 4.2.1) as a result 
of increased relative proportions of undersized fish in the catch, pos-
sibly as a result of the reduction in abundance. Across all performance 
indicators, the main difference was a reduction in the charter sector 
profitability. This appears incongruous given that commercial profit-
ability was unaffected, but as opposed to commercial profitability, 
charter profitability is simulated as a function of effort. There is rela-
tively higher charter catch in the southern region than the north. Total 
catches, and the performance indicators pertaining to equitable access 
between sectors and regions indicated no significant sector- or region- 
specific differences in catch. Since we simulated effort for each sector in 
each year as the catch divided by the product of the catchability and the 

fishable biomass, an increasing fishable biomass in the south led to a 
reduction in effort in the predominantly fished southern region, and 
hence, a reduction in charter sector profitability. 

Populations recovered to sustainable target levels when the biomass 
was historically more heavily fished down towards the limit reference 
point. As with the earlier scenarios, changes to the TAC were greatest 
within the first 5 years of the projections (Fig. 2) (with large inter-
annual changes in TAC that compromised the performance indicator 
pertaining to interannual variability in profit (objective 2.4)). In this 
time period, CT and OS TACs were consistently very low, while RTE 
continually declined. CT and RTE total catches were stable thereafter, 
with the exception of one inversely correlated year. OS catches in-
creased over the final 8 years of the projection, as a result of higher 
catches in the north. 

For RTE, the projected catch did not increase substantively in the 
northern region; thus, most of the biomass increase occurred in the 
north. The opposite was the case for OS. There was more overall bio-
mass in the southern region for both species groups, but the total RTE 
biomass was within its target ranges after being “fished down”, 
meaning the catch in the more abundant southern region did not sig-
nificantly change. Total OS biomass, however, was at its limit of 20% B0 
after being “fished down”, with very low relative biomass in the 
northern region. As such, much of the recovery of this species group 
was driven by low catch the southern region. The northern region OS 
catches actually increased, keeping the biomass in this region low, 
presumably because the relative contribution of the northern region to 
the recovery of the total OS biomass was so low as to be negligible. 

The depletion associated with “fished down” stocks affected the 

Fig. 4. Radar plot of mean value across the projection years, for each of the 21 performance indicators, for each scenario examined.  
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oldest age classes most strongly, and hence the performance indicators 
related to discarding (objectives 1.2.2, 4.2.1) were minimal (Fig. 4) as a 
result of the increased relative proportion of undersize fish in the catch. 
The OS sustainability performance indicator (relating to objective 
1.1.2) was also compromised due to this species group being the most 
heavily fished down. The reductions in commercial and charter TAC 
while recreational catch levels were kept constant also minimised the 
performance indicator pertaining to equity between sectors (objective 
4.3.2). 

We note that the model does not consider the ratios of TACs be-
tween species. However, it is unlikely that effort could be targeted to 
achieve species-group-specific catch limits, particularly if these vary 
significantly from the historically achieved ratios. Discarding is there-
fore a risk around implementing unrealistic TAC ratios. Similarly, it is 
highly unlikely that 100 times the historical catch of RTE would occur 
concomitant with small increases in CT and OS catch, as was simulated 
here for the “fished down” scenario. 

5. Discussion 

Our goal is to provide a tool for managers, fishery management 
councils, scientists, and stakeholders to consider a richer range of tra-
deoffs than possible with bio-economic models only. Consistent with 
policy and legislative requirements, the model we developed provides a 
quantitative means to explicitly evaluate the four pillars (TBL and 
governance) and their tradeoffs in terms of clearly defined stakeholder 
objectives. In addition, it allows for formal evaluation of performance 
of the four pillars across alternative stakeholder group preferences, 
providing an impartial means to obtaining an overall optimum harvest 
strategy (here, a set of species-group-specific TACs). As opposed to 
semi-quantitative/expert judgement approaches that rank or rate al-
ternative harvest strategy specifications, our approach leads to both 
quantified alternative harvest strategy options, and the optimal values 
for the management controls. 

Our model is less complex than many current ecosystem models. It 
is relatively easy to implement and by placing all the indicators on the 
same scale, disparate indicators can be compared. Importantly, im-
plementing it requires detailed discussions with stakeholders on ob-
jectives and their relative weights. Different stakeholder opinions (in 
the form of weights) on importance are overtly considered. This linkage 
between a discussion on objectives (without restriction to the model's 
needs) was initially seen as a benefit, but in hindsight has delivered 
some of the difficulties with the model. 

While the model is conceptually not complex, parameterising and 
optimising it was fraught with technical challenges. Given the number 
of objectives and performance indicators that came out of the stake-
holder process, the model is information hungry. This led to having to 
define several indicators' functional forms and their targets, many of 
which are unknown to stakeholders and scientists alike, and produced a 
likelihood function that was complex and resulted in a sensitive (in an 
estimation sense) model. The formulation of separate performance in-
dicators for each of the objectives estimated annually meant the model 
had “no sense of consequence” for an optimisation in following years. 
Finally, as for many mathematical models, stakeholder engagement is 
more restricted given the technical content of the model. Below we 
expand on these issues and then discuss possible solutions. 

Multi-sector, multi-species fisheries such as the Coral Reef Finfish 
Fishery need to address the TBL. However, the quantity and quality of 
data are often mixed, many reference points are uninformed, and per-
formance indicators vary in their quality of information: broader en-
vironmental, economic, and, particularly, social information is often 
limited. As data collection programs expand over time, this difficulty 
will become less important but is unlikely to disappear. Had data been 
available – for example, for social performance indicators in the form of 
a survey – we could at least have tuned the model to these in addition to 
stock status. Additionally, while we were able to move beyond an 

abstract specification of objectives, the information hungry nature of 
the model meant that many of the operational objectives (performance 
indicators) were still ultimately specified in terms of catch and effort as; 
that is, catch and effort were used as proxies for socio-economic con-
siderations. As highlighted by Mangel and Dowling, 2016 and  
Dichmont et al. (2010), these can be fraught assumptions. 

As with all models, a range of factors determine the nature of the 
results. These include specification of the performance indicators, and 
the choice of values for (depending on the indicator's specification) 
target or limit reference point values, weightings, penalties, or para-
meters. Several of the performance indicators were extremely difficult 
to quantify, especially those in the social objective arena, and drove 
much of the model's sensitivity and (initial) instability. This has also 
been found by others (Brooks et al., 2015; Pascoe et al., 2017;  
Symes and Phillipson, 2009; Triantafillos et al., 2014; Vieira et al., 
2009). We addressed this issue head on by developing performance 
indicators and associated parameters as a function of a single man-
agement control (TACs). The sensitivity of the model to the scenarios, 
as well as to the functional form of the performance indicators and their 
reference point values, showed the risk of using many detailed perfor-
mance indicators to obtain meaningful management advice. We had to 
carefully construct the performance indicator specifications to ensure 
that these were aligned across objectives, and we had to “pepper” the 
starting parameter values to avoid local minima in what was still a 
rugged solution surface. Separate objectives (e.g. profitability and final 
biomass) competed unless their targets were consistent and optimal for 
both, e.g., the maximum economic yield and the biomass corresponding 
to maximum economic yield. With 21 performance indicators, ensuring 
such consistency was a challenge. 

The projected time series of most of the model scenarios showed at 
least some years of interannual oscillation in the sector- and species- 
specific TAC values, particularly in the early years of the projection. For 
RTE and OS, historical catch levels had been well below those corre-
sponding to target reference points (most notably, maximum economic 
yield). However, TACs oscillated rather than ramping up during pro-
jection years. This occurred because, by undertaking optimisation 
within each year, the model has no sense of medium- to long-term 
consequences. 

Another issue contributing to inter-annual oscillations in the sector- 
and species-specific TAC was the inverse correlation of CT and RTE 
catch in many of the scenarios. While catches of these species, and any 
dependent performance indicators, showed interannual fluctuations, 
the projected catch totalled across both species was relatively stable. 
When examining performance indicators by incrementally including 
each, the projected catch time series only became strongly inter-
annually fluctuating with the inclusion of commercial and charter 
profitability performance indicators, themselves direct functions of the 
CT and RTE catch. This speaks to alternate states of CT and RTE relative 
catch that are equally profitable. Future work should optimise over the 
medium- to longer-term, rather than annually. 

Because of such complexities, we had less direct stakeholder in-
volvement, other than objective identification and weighting, than 
more conceptually-based semi-quantitative approaches. The results are 
also more technically challenging to interpret, as both input and output 
are demanding of information. This may mean that stakeholder buy-in 
to the model will remain low until the method matures and absorbs 
some of the solutions discussed below. 

One option for reducing the uncertainty and complexity of the si-
mulation is to include fewer operational objectives and performance 
indicators. Katsikopoulos et al. (2018) suggest that under such condi-
tions, simple models may be more appropriate than more complex 
models for decision making, particularly in the case of repeated op-
erational decisions such as are required when implementing a harvest 
strategy. A high number of objectives may be excessive in a practical 
sense. However, reducing the number of objectives will require re-
consideration of how to translate broader objectives into quantitative 
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performance indicators. One way this may be achieved could be to 
subsume many of the correlated performance indicators into single 
metrics; for example, profitability and target biomass could be com-
bined as is done in a standard bio-economic model. Reducing or sub-
suming the number of objectives and performance indicators may also 
help overcome the problem of roughly similar weightings across the 
different stakeholder groups (see also Pascoe et al., 2019). The similar 
weightings across stakeholder groups may have been an artefact of the 
“dilution” effect of distributing higher level objective weights over 
many sub-objectives. An alternative way to define some of the objec-
tives could be to use a Bayesian Belief Network (BBN) to capture non- 
quantitative objectives. The outputs of the operating model would then 
feed into the BBN model to quantify the social components. 

Clearly, a multi-year forward optimisation process would have been 
preferable. Longer-term expectations should be captured by the value at 
which the target reference points are set, and if these are established 
correctly then the projections should eventually achieve them. The 
forward optimisation can then also be constrained if needed by, for 
example, a smoothing term. 

Two alternatives to the model described here are viability and 
frontier analyses. Gourguet et al. (2016) developed viability analysis for 
Australia's Northern Prawn Fishery. With this approach, one does not 
aim to identify an optimal outcome, but instead aims to ensure at least a 
minimal acceptable level for each of the objectives. It is thus analogous 
to Simon's notion of satisficing, e.g. Simon et al. (1950). In frontier 
analysis (Halpern et al., 2013), the frontier consists of TBL solutions, 
where one can optimise conservation goals and equity while mini-
mising costs. The frontier does not prescribe a single solution but in-
stead presents the range of options, all optimal, that represent the trade- 
off between stated goals. The choice of the optimal solution by a de-
cision maker will be based on their relative importance weights for each 
objective. While potentially less transparent than the use of pre-de-
termined weights, decisions are made with an explicit recognition of 
what is being given up. The policy frontier thereby complements the 
decision-making process without aiming to replace it (Sylvia and 
Enríquez, 1994). 

On the contrary, our approach keeps harvest strategies in mind and 
leads to a recommended TAC, optimised across all multiple (TBL plus 
governance) objectives, and acknowledges the alternative preference 
weightings of stakeholder groups and is suitable for embedding in an 
MSE. Neither viability nor frontier analysis allows for this. Our ap-
proach also showed sensitivity to the criteria used to identify the 
“winning” set of stakeholder group preferences, or weightings, in each 
year: the “highest average” approach gave markedly different outcomes 
to when the “maximum minimum” value criterion was utilised. 

Even with the sensitivities, inherent assumptions, and simplifica-
tion, our model illustrates the trade-offs between multiple objectives 
and different stakeholder group preferences, and the value of region- 
and sector-specific TACs in different environmental contexts. The next 
step would be to reduce the number of objectives so as to reduce the 
inherent uncertainties and data requirements, and the complexity of the 
solution surface, and to optimise across the longer term. 

Policy and legislation demand that fishery management moves to-
wards a quantitative approach to TBL objectives and operationalising 
these defensibly within harvest strategies. We developed a model whose 
likelihood surface was proved highly complex and sensitive to inputs 

and assumptions, which will force managers and stakeholders to con-
front extensive data requirements. 

To advance TBL/four pillar fishery management, a high level of 
involvement of stakeholders is required in determining fishery objec-
tives and their weightings. An appreciation by management agencies of 
the data requirements of multi-objective fishery management, and a 
commitment to implement a quantitative approach that sets precise 
values for management controls, is also recommended. At the same 
time, this should be tempered given data limitations and the need for a 
manageable number of objectives across the four pillars. 

More broadly, quantitative ways to operationalise multi-objective 
harvest strategies are likely to have relevance for other renewable re-
source industries where the TBL matters, provided these have man-
agement controls that can be changed. Our approach has provided a 
stepping-stone towards this goal and a basis for further modification 
and has highlighted the technical pitfalls of using simulations to opti-
mise across multiple objectives in complex fisheries. 
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Appendix A1. Additional Figures and Tables 

Figs A1–A3 and Tables A1–A2. 

Fig. A1. Time series of total catch (kg) for each species group (columns) and scenario (two scenarios in first row; one scenario per row thereafter) considered. For 
some scenarios, the time series are presented in individual panels for each species, due to differences in magnitude precluding ease of reading if these were overlaid. 
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Fig. A2. Time series of biomass, relative to the initial year, for each species group and scenario considered.  

Fig. A3. Mean, plus and minus one standard deviation, of each of the 21 performance indicators, for each scenario examined.  
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Table A1 
Summary of model and biological input parameters.        
Input parameter Abbreviation Value    

CT RTE OS  

Number of historical years Nhist 31    
Number of years to project Nproj 25    
Number of areas Narea 2    
Number of fleets Nfleet 3    
Number of species (groups) Nspecies 3    
Number of age classes (for each species group) Nage  20 20 20 
Maximum age (for each species group) MaxAge  19 19 19 
Number of sets of preference weightings NsetsWts 8    
Weight-at-length (WtL) parameters a,b a  6.8500E-06 1.3778E-05 2.4400E-05 
(for each species group) b  3.19640 3.06507 2.87000 
von Bertalanffy (vonB) growth parameters Linf  66.33 51.68 58.45  

k  0.1005 0.24146 0.3922  
t0  −5.256 −1.243 0.1768 

Natural mortality at age (for each species group) (assumed age-independent) NatM  0.4656 0.5117 0.15 
Selectivity-at-age SelAge Age      

0 0 0 0   
1 0.5 0 0   
2 0.66 0 0.05   
3 0.78 0.3 0.1   
4 0.86 0.8 0.2   
5 0.9 1 0.35   
6 0.93 1 0.5   
7 0.95 1 0.65   
8 1 1 0.8   
9 1 1 0.9   
10 1 1 0.95   
11 1 1 1   
12 1 1 1   
13 1 1 1   
14 1 1 1   
15 1 1 1   
16 1 1 1   
17 1 1 1   
18 1 1 1   
19 1 1 1 

Steepness (by species group) Steep  0.5 0.8 0.7 
Age at maturity (by species group) AgeMat  3 3 8 
Initial number seed (numbers) (by species group) RoInit  16,800,575 15,466,824 2,787,694 
Fixed allocation proportion of TAC between sectors (commercial, charter, recreational) PropFfleet     
commercial   0.85 0.50 0.50 
charter   0.05 0.30 0.25 
recreational   0.10 0.20 0.25 
Fixed relative spatial distribution (for recruits) Frac     
region 1   0.3 0.2 0.3 
region 2   0.7 0.8 0.7    
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ed
 by

 
sta

nd
ard

izi
ng
 th

e u
nd
ers

ize
 ca

tch
 

rel
ati
ve
 to
 th
e t
ota

l (l
eg
al 
an
d u

nd
ers

ize
) 

tak
e. 
Th
e m

ini
mu

m 
leg

al 
len

gth
 fo
r e
ac
h 

sp
ec
ies
 gr

ou
p i
s t
ak
en
 to

 be
 th

at 
co
rre

sp
on
din

g t
o t

he
 ag

e a
t m

atu
rit
y. 

Th
e a

ve
rag

e i
s t
ak
en
 ov

er 
fle
et,
 sp

ec
ies
 

an
d a

rea
 to
 yi
eld

 a 
me

an
 ov

era
ll d

isc
ard

. 
Th
e d

isc
ard

 pe
rce

nta
ge
 is
 th

en
 

no
rm

ali
ze
d a

cc
or
din

g t
o t

he
 w
or
st 

po
ssi
ble

 ex
pe
cte

d d
isc
ard

 pe
rce

nta
ge
. 

Th
e w

or
st 
po
ssi
ble

 di
sca

rd
 pe

rce
nta

ge
 is
 

ass
um

ed
 to

 be
 0.
5. 
W
e a

ssu
me

 ze
ro
 hi

gh
 

gra
din

g f
or
 th

is 
fis
he
ry
 (m

or
eo
ve
r, 
hig

h- 
gra

din
g i
s i
rre

lev
an
t i
n t

he
 co

nte
xt 
of 

a 
va
lue

 fu
nc
tio
n u

nle
ss 
it 
is 
ass

um
ed
 to

 be
 a 

dir
ec
t o

r i
nd
ire
ct 
fun

cti
on
 of

 th
e T

AC
). 

3)
 C
ha
ng
ed
 w
or
st 
dis

ca
rd
 pe

rce
nta

ge
 to

 
0.2

 

(co
nti
nu
ed
 on

 ne
xt 
pa
ge)
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Ta
bl
e A

2 
(co

nti
nu
ed
)  
    
 

Ov
era

rch
ing

 ob
jec

tiv
e 

Su
b-o

bje
cti
ve
s 

Sp
ec
ifi
c o

bje
cti
ve
s 

Op
era

tio
na
l o
bje

cti
ve
 (d

esc
rip

tiv
e; 
ful
l 

eq
ua
tio
ns
 in
 Su

pp
lem

en
tar

y 
Inf

or
ma

tio
n)
 

As
su
mp

tio
ns
 

Se
ns
iti
vit
y a

na
lys

is 
   

1.2
.3 

Mi
ni
mi

se
 b
ro
ad
er
 ec

ol
og
ica

l 
ris

ks
 

Th
e b

ro
ad
er 

ec
olo

gic
al 
ris
k i
s a

ssu
me

d 
to 

be
 a 
fun

cti
on
 of

 eff
or
t. 
W
e s

et 
the

 PI
 

to 
1 w

he
n e

ffo
rt 
is 
0, 
an
d t

o l
ine

arl
y 

de
cre

ase
 to

 0.
8 b

etw
ee
n 0

 an
d a

 ta
rge

t 
eff
or
t l
ev
el.
 T
he
 P
I v
alu

e t
he
n l

ine
arl
y 

de
cre

ase
s f
ro
m 
0.8

 to
 0 

be
tw
ee
n t

he
 

tar
ge
t a
nd
 li
mi
t e

ffo
rt 
va
lue

s a
nd
 is
 se

t 
to 

0 w
he
n e

ffo
rt 
ex
ce
ed
s t
he
 li
mi
t. 

Ha
lf 
of 

the
 eff

or
t, 
av
era

ge
d o

ve
r t
he
 la
st 
5 

ye
ars

, i
s t
he
 m
os
t d

esi
rab

le 
(ta

rge
t),
 w
hil
e 

the
 hi

sto
ric
al 
hig

h e
ffo
rt 
is 
the

 le
ast

 (l
im
it)
 

4)
 Fo

r 1
.2.
3 a

nd
 1.
2.4

, c
ha
ng
ed
 to

 30
% 

of 
av
era

ge
 eff

or
t b

ein
g m

os
t d

esi
rab

le 
an
d 8

0%
 of

 hi
sto

ric
al 
hig

h t
he
 le
ast

   

1.2
.4 

Mi
ni
mi

se
 ri
sk
 to

 T
EP

S 
Th
e T

EP
 ri
sk
 is
 fo

rm
ula

ted
 in

 a 
sim

ila
r 

ma
nn
er 

to 
1.2

.3,
 ex

ce
pt 

tha
t, 
be
tw
ee
n 

the
 ta
rge

t a
nd
 lim

it e
ffo
rt,
 th
e P

I v
alu

e i
s 

a w
ea
k i
nv
ers

e e
xp
on
en
tia
l f
un
cti
on
 of
 

eff
or
t. 

Ha
lf 
of 

the
 eff

or
t, 
av
era

ge
d o

ve
r t
he
 la
st 
5 

ye
ars

, i
s t
he
 m
os
t d

esi
rab

le 
(ta

rge
t),
 w
hil
e 

the
 hi

sto
ric
al 
hig

h e
ffo
rt 
is 
the

 le
ast

 (l
im
it)
 

Se
e 4

) a
bo
ve
  

1.3
. M

in
im

ise
 ri
sk
 of

 lo
ca
lis
ed
 

de
pl
eti

on
 

1.3
.1.

 D
ue
 to

 fi
sh
in
g 

Ap
pli
es 

on
ly 
to 

CT
 an

d R
TE
. T

he
 

pe
rfo

rm
an
ce
 in
dic

ato
r i
s s
et 
as 
1 a

bo
ve
 a 

rel
ati
ve
 ar

ea
-sp

ec
ifi
c b

iom
ass

 of
 0.
5, 
0 

be
low

 a 
rel
ati
ve
 ar
ea
-sp

ec
ifi
c b

iom
ass

 of
 

0.2
, a
nd
 is
 as

su
me

d t
o t

rac
k l
ine

arl
y 

wi
th 

rel
ati
ve
 bi
om

ass
 be

tw
ee
n t

he
se 

va
lue

s. 
Th
e p

erf
or
ma

nc
e i
nd
ica

tor
 is
 th

e 
mi
nim

um
 ac

ro
ss 
the

 sp
ec
ies
 an

d a
rea

s. 

Ta
rge

t a
nd
 li
mi
t r
ela

tiv
e b

iom
ass

 re
fer

en
ce
 

po
int

s a
re 

set
 at
 0.
5 a

nd
 0.
2. 

5)
 T
arg

et 
an
d l
im
it 
ref

ere
nc
e p

oin
ts 
are

 
ch
an
ge
d t

o 0
.6 
an
d 0

.3 
  

1.3
.2.

 In
 re

sp
on

se
 to

 en
vir

on
me

nt
al 

ev
en
t (
e.g

. c
yc
lo
ne
, c
lim

at
e c

ha
ng
e)
 

Cy
clo

ne
s a

nd
 cl
im
ate

 ch
an
ge
 ar

e 
co
ns
ide

red
 us

ing
 se

pa
rat

e m
od
el 

sce
na
rio

s. 
Ho

we
ve
r, 
thi

s p
erf

or
ma

nc
e 

ind
ica

tor
 ne

ed
s t
o r

efl
ec
t t
he
 ne

ed
 to

 be
 

co
ns
erv

ati
ve
 an

d p
rec

au
tio
na
ry
 gi
ve
n 

the
se 

pe
rtu

rb
ati
on
s. 
As
 su

ch
, w

e a
nd
 

ap
ply

 a 
20
% 
pe
na
lty
 to

 th
e t
arg

et 
an
d 

lim
it 
ref

ere
nc
e r

ela
tiv
e b

iom
ass

es 
us
ed
 

in 
PI 

1.1
.1,
 by

 di
vid

ing
 th

ese
 by

 0.
8. 
W
e 

the
n u

se 
a d

om
e s

pe
cifi

ca
tio
n a

s f
or
 

pe
rfo

rm
an
ce
 in

dic
ato

r 1
.1.
1, 
wi
th 

the
 

pe
na
liz
ed
 ta
rge

ts.
 Th

e fi
na
l p
erf

or
ma

nc
e 

ind
ica

tor
 va

lue
 is
 th

e m
ea
n a

cro
ss 
the

 
sp
ec
ies
 gr

ou
ps
. 

Ta
rge

t a
nd
 li
mi
t r
ela

tiv
e b

iom
ass

 re
fer

en
ce
 

po
int

s a
re 

set
 at
 0.
5–
0.7

5, 
an
d 0

.25
. 

6)
 Pe

na
lty
 =

 0.
6 a

s o
pp
os
ed
 to

 0.
8 

2. 
En

ha
nc
e fi

sh
er
y 

ec
on

om
ic 

pe
rfo

rm
an
ce
 

2.1
 M

ax
im

ise
 co

mm
er
cia

l 
ec
on

om
ic 
be
ne
fit
s, 
as
 co

mb
in
ed
 

to
ta
ls 
fo
r e

ac
h 
of
 th

e f
ol
lo
wi
ng
 

se
cto

rs 

2.1
.1 

Co
mm

er
cia

l fi
sh
in
g i

nd
us
try

 
pr
ofi

ts 
Th
is 
is 
ca
lcu

lat
ed
 as

 pr
ice

 m
ult

ipl
ied

 by
 

ca
tch

, m
inu

s c
os
ts.
 C
os
ts 
are

 a 
fun

cti
on
 

of 
fue

l, g
ea
r (
wh

ich
 ar

e f
un
cti
on
s o

f 
eff
or
t) 
an
d c

atc
h. 
Co
mm

erc
ial
 pr

ofi
t i
s 

the
n c

atc
h m

ult
ipl
ied

 by
 pr

ice
, m

inu
s 

the
 co

sts
. T

he
 P
I i
s c
alc

ula
ted

 by
 ta
kin

g 
the

 ra
tio
 of
 pr

ofi
t t
o t
ha
t a
t M

EY
, w

he
re 

the
 la
tte
r w

as 
ap
pr
ox
im
ate

d b
y t
ak
ing

 
the

 si
mu

lat
ed
 hi

sto
ric
al 
hig

h p
ro
fit
 fo
r 

the
 co

mm
erc

ial
 se
cto

r, 
no
tin

g t
ha
t t
he
se 

co
rre

sp
on
de
d a

pp
ro
xim

ate
ly 
to 

0.6
B0
 

for
 th

e C
T 
sp
ec
ies
 gr

ou
p. 
If 
the

 cu
rre

nt 
pr
ofi
t e
xc
ee
ds
 th

e a
pp
ro
xim

ati
on
 fo

r 
pr
ofi
t a
t M

EY
, th

e p
erf

or
ma

nc
e i
nd
ica

tor
 

red
uc
es 

lin
ea
rly

 un
til
 it
 re

ac
he
s z
ero

 at
 

1.5
 ti
me

s t
he
 pr

ofi
t a
t M

EY
. I
f t
he
 

cu
rre

nt 
pr
ofi
t e
xc
ee
ds
 1.
5 t

im
e t
he
 

ap
pr
ox
im
ati
on
 fo

r p
ro
fit
 at
 M

EY
, t
he
 

Un
it 
co
sts
 of

 fu
el,
 ge

ar 
an
d e

ffo
rt 
ha
ve
 al
l 

be
en
 as

su
me

d. 
Pr
ofi
t a
t M

EY
 w
as 

ap
pr
ox
im
ate

d b
y t
ak
ing

 th
e h

ist
or
ica

l h
igh

 
pr
ofi
ts 
for

 ea
ch
 fi
sh
ing

 se
cto

r, 
no
tin

g t
ha
t 

the
se 
co
rre

sp
on
de
d a

pp
ro
xim

ate
ly 
to 
0.6

B0
 

for
 C
T. 

7)
 C
os
ts 
are

 m
ult

ipl
ied

 by
 1.
5 A

ND
 

Pr
ofi
tM

EY
 by

 1.
2, 
bo
th 
for

 th
is 
an
d 2

.1.
2 

be
low

 

(co
nti
nu
ed
 on

 ne
xt 
pa
ge)
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Ta
bl
e A

2 
(co

nti
nu
ed
)  
    
 

Ov
era

rch
ing

 ob
jec

tiv
e 

Su
b-o

bje
cti
ve
s 

Sp
ec
ifi
c o

bje
cti
ve
s 

Op
era

tio
na
l o
bje

cti
ve
 (d

esc
rip

tiv
e; 
ful
l 

eq
ua
tio
ns
 in
 Su

pp
lem

en
tar

y 
Inf

or
ma

tio
n)
 

As
su
mp

tio
ns
 

Se
ns
iti
vit
y a

na
lys

is 
 

pe
rfo

rm
an
ce
 in

dic
ato

r i
s s
et 
to 

ze
ro
. 

Co
nc
ur
ren

tly
, if

 th
e b

iom
ass

 of
 an

y o
ne
 

sp
ec
ies
 is
 le
ss 
tha

n t
he
 li
mi
t r
efe

ren
ce
 

po
int

 of
 0.
2B
0, 
the

 PI
 =

 0.
   

2.1
.2 

Ch
ar
ter

 se
cto

r p
ro
fit
s 

Gr
os
s p

ro
fit
 fo
r c
ha
rte

r o
pe
rat

or
s i
s 

ass
um

ed
 to

 be
 th

e p
ro
du
ct 
of 

eff
or
t i
n 

da
ys
 (a

s a
 pr

ox
y f
or
 th

e n
um

be
r o

f 
pe
op
le 
fis
hin

g p
er 

da
y),
 m
ult

ipl
ied

 by
 

the
 ch

art
er 

pr
ice

 pe
r d

ay
. C

os
ts,
 pr

ofi
t 

an
d t

he
 pe

rfo
rm

an
ce
 in
dic

ato
r t
he
n a

re 
ca
lcu

lat
ed
 in
 th
e s
am

e m
an
ne
r a
s f
or
 th
e 

co
mm

erc
ial
 se

cto
r. 

Un
it 
co
sts
 of

 fu
el,
 ge

ar 
an
d e

ffo
rt 
ha
ve
 al
l 

be
en
 as

su
me

d. 
Pr
ofi
t a
t M

EY
 w
as 

ap
pr
ox
im
ate

d b
y t
ak
ing

 th
e h

ist
or
ica

l h
igh

 
pr
ofi
ts 
for

 ea
ch
 fi
sh
ing

 se
cto

r, 
no
tin

g t
ha
t 

the
se 
co
rre

sp
on
de
d a

pp
ro
xim

ate
ly 
to 
0.6

B0
 

for
 C
T. 

As
 fo

r 7
) a

bo
ve
   

2.1
.3 

In
di
ge
no

us
 co

mm
er
cia

l b
en
efi

ts 
In 
the

 ab
sen

ce
 of
 a 
be
tte
r u

nd
ers

tan
din

g, 
we

 as
su
me

 th
at 
ind

ige
no
us
 co

mm
erc

ial
 

be
ne
fit
s s
ca
le 
wi
th 

co
mm

erc
ial
 pr

ofi
t, 

an
d a

s s
uc
h, 
we

 sp
ec
ify
 th

is 
as 

an
 

ad
dit

ion
al 
we

igh
tin

g o
n t

he
 co

mm
erc

ial
 

pr
ofi
t p

erf
or
ma

nc
e i
nd
ica

tor
. 

Th
e a

ssu
mp

tio
n o

f a
 di
rec

t c
or
rel
ati
on
 w
ith

 
co
mm

erc
ial
 pr

ofi
t i
s a

 gr
os
s 

ov
ers

im
pli
fic
ati
on
 in

 th
e a

bs
en
ce
 of

 da
ta.
 

N/
A 
 

2.2
. M

ax
im

ise
 va

lu
e o

f 
re
cr
ea
tio

na
l fi

sh
er
s a

nd
 ch

ar
ter

 
ex
pe
rie

nc
e (

di
re
ct 

to
 

pa
rti
cip

an
t) 
 

W
e a

ssu
me

 th
e v

alu
e o

f r
ec
rea

tio
na
l 

fis
hin

g a
nd
 ch

art
er 
ex
pe
rie
nc
es,
 di
rec

t t
o 

the
 pa

rti
cip

an
ts,
 is
 so

me
 w
eig

hte
d 

fun
cti
on
 of
 ch

art
er 

an
d r

ec
rea

tio
na
l 

ca
tch

, c
atc

h-p
er-

un
it-
eff
or
t (
CP

UE
), 
an
d 

eff
or
t. 
Ea
ch
 ar

ea
's u

til
ity
 is
, i
n t

ur
n, 

we
igh

ted
 ac

co
rd
ing

 to
 th

e p
ro
po
rti
on
 of
 

rec
rea

tio
na
l e

ffo
rt 
in 

tha
t r
eg
ion

. T
he
 

av
era

ge
 is
 ta
ke
n o

ve
r a
ll r

eg
ion

s, 
an
d t
he
 

pe
rfo

rm
an
ce
 in

dic
ato

r i
s c
alc

ula
ted

 by
 

sta
nd
ard

isi
ng
 th

is 
av
era

ge
 by

 th
e 

ma
xim

um
 hi

sto
ric
al 
rec

rea
tio
na
l u
til
ity
. 

W
e a

ssu
me

 th
e s

am
e w

eig
hti

ng
s b

etw
ee
n 

the
 ch

art
er 
an
d r

ec
rea

tio
na
l fl
ee
ts,
 si
nc
e w

e 
are

 co
ns
ide

rin
g t
he
 sa

me
 re

cre
ati
on
al 

pa
rti
cip

an
ts 
(i.
e. 
the

 fis
he
rs,
 ra
the

r t
ha
n t
he
 

ch
art

er 
bo
at 
op
era

tor
s).
 W

eig
hts

 on
 ea

ch
 of
 

ca
tch

, C
PU

E a
nd
 eff

or
t a
re 

ass
um

ed
, a
s a

re 
the

 w
eig

hts
 as
sig

ne
d t
o e

ac
h s

pe
cie

s g
ro
up
. 

Th
e m

ax
im
um

 hi
sto

ric
al 
hig

h c
atc

h, 
CP

UE
 

are
 eff

or
t a
re 

tho
se 

av
era

ge
d o

ve
r a

rea
. 

8)
 C
ha
ng
ed
 ca

tch
, C

PU
E a

nd
 eff

or
t 

we
igh

ts 
fro

m 
(0
.4,
0.3

,0.
3)
 to

 
(0
.7,
0.2

5,0
.05

) t
o e

mp
ha
sis
 ca

tch
 an

d 
CP

UE
, a
nd
 ch

an
ge
d s

pe
cie

s g
ro
up
 

we
igh

tin
gs
 fr
om

 (0
.4,
0.3

,0.
3)
 to

 (0
.6,
 

0.3
, 0
.1)

 to
 em

ph
asi

se 
CT

 ca
tch

  

2.3
 M

ax
im

ise
 fl
ow

-on
 ec

on
om

ic 
be
ne
fit
s t
o l

oc
al 

co
mm

un
iti
es
 

(fr
om

 al
l s
ec
to
rs)

  

Av
era

ge
 be

ne
fit
 (a
cro

ss 
are

as)
 is
 th
e s
um

 
of 

the
 co

mm
erc

ial
 an

d c
ha
rte

r p
ro
fit
s 

(fr
om

 2.
1.1

 an
d 2

.1.
2)
, a
nd
 an

 as
su
me

d 
un
it 
do
lla
r v

alu
e a

pp
lie
d t

o t
he
 

rec
rea

tio
na
l e

ffo
rt.
 T
he
 pe

rfo
rm

an
ce
 

ind
ica

tor
 is
 ob

tai
ne
d b

y n
or
ma

lis
ing

 
rel
ati
ve
 to

 th
e h

ist
or
ica

l m
ax
im
um

. 

Th
e r

ec
rea

tio
na
l d
oll
ar 

sca
lar
, a
nd
 th

e 
his

tor
ica

l m
ax
im
um

 as
 th

e r
efe

ren
ce
, a
re 

bo
th 

ass
um

ed
. 

9)
 C
ha
ng
ed
 re

cre
ati
on
al 
do
lla
r s
ca
lar
 

fro
m 
10
 to

 10
0  

2.4
 M

in
im

ise
 sh

or
t t
er
m 

(in
ter

- 
an
nu

al)
 ec

on
om

ic 
ris

k  
W
e a

pp
ro
xim

ate
 sh

or
t-t
erm

 ri
sk
 as

 th
e 

int
era

nn
ua
l p
erc

en
t v

ari
ab
ilit

y i
n 

co
mm

erc
ial
 an

d c
ha
rte

r p
ro
fit
. W

e t
ak
e 

the
 co

effi
cie

nt 
of 

va
ria

tio
n i
n p

ro
fit
 fo
r 

ea
ch
 fl
ee
t o

ve
r t
he
 pa

st 
10
 ye

ars
. W

e 
ass

um
e a

 “h
oc
ke
y s

tic
k”
 re

lat
ion

sh
ip 

be
tw
ee
n t

he
 C
V 
an
d P

I s
co
re 

for
 ea

ch
 

fle
et,
 w
he
re 

a v
ari

ati
on
 of

 +
/- 
10
% 
CV

 
is 
op
tim

al 
an
d e

qu
ate

s t
o a

 PI
 va

lue
 of
 1,
 

an
d t

ha
t +

/- 
25
% 
is 
the

 li
mi
t b

elo
w 

wh
ich

 th
e P

I s
co
re 

va
lue

 is
 0.
 If
 th

e C
V 

for
 an

y o
ne
 fl
ee
t i
s b

elo
w 
the

 LR
P, 
the

n 
wh

ole
 sc
or
e f
or
 th

is 
ob
jec

tiv
e i
s z
ero

. 
Ot
he
rw
ise
, t
he
 pe

rfo
rm

an
ce
 in

dic
ato

r i
s 

the
 m
ea
n o

f t
he
 C
V 
sco

res
 ac

ro
ss 
the

 
co
mm

erc
ial
 an

d c
ha
rte

r fl
ee
ts.
 

Th
e t
arg

et 
an
d l
im
it 
ref

ere
nc
e v

alu
es 

are
 

ass
um

ed
. 
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ha
ng
ed
 ta
rge
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+
/−

10
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V 
to 

+
/- 
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, a
nd
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mi
t f
ro
m 
 

+
/−

25
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V 
to 

+
/−

20
%C

V 

(co
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Ta
bl
e A

2 
(co

nti
nu
ed
)  
    
 

Ov
era

rch
ing

 ob
jec

tiv
e 

Su
b-o

bje
cti
ve
s 

Sp
ec
ifi
c o

bje
cti
ve
s 

Op
era

tio
na
l o
bje

cti
ve
 (d

esc
rip

tiv
e; 
ful
l 

eq
ua
tio
ns
 in
 Su

pp
lem

en
tar

y 
Inf

or
ma

tio
n)
 

As
su
mp

tio
ns
 

Se
ns
iti
vit
y a

na
lys

is 
  

2.5
 M

in
im

ise
 co

sts
 of

 
ma

na
ge
me

nt
 as

so
cia

ted
 w
ith

 th
e 

ha
rv
es
t s
tra

teg
y: 

mo
ni
to
rin

g, 
un

de
rta

ki
ng
 as

se
ssm

en
ts,
 

ad
ju
sti
ng
 m

an
ag
em

en
t c

on
tro

ls 
 

Fo
r n

ow
, w

e s
im
ply

 as
su
me

 th
at 
if 
the

 
TA

C f
or
 ea

ch
 sp

ec
ies
 gr
ou
p e

xc
ee
ds
 1.
5x
 

the
 hi

sto
ric
al 
hig

h c
atc

h, 
ma

na
ge
me

nt 
co
sts
 in
cre

ase
. T
he
 sp
ec
ies
 gr
ou
p s
co
re 
is 

0 i
f t
he
 TA

C i
s u

nd
er 
the

 th
res

ho
ld 
an
d 1

 
is 
the

 th
res

ho
ld 
is 
ex
ce
ed
ed
. T

he
 

pe
rfo

rm
an
ce
 in

dic
ato

r i
s t
he
 av

era
ge
 of
 

the
 sp

ec
ies
 gr

ou
p s

co
res

. 

Th
e a

ssu
mp

tio
n o

f a
n i
nc
rea

se 
in 

ma
na
ge
me

nt 
co
sts
 ab

ov
e a

 th
res

ho
ld 
is 
a 

gro
ssl
y o

ve
rsi
mp

lifi
ed
 as

su
mp

tio
n i

n t
he
 

ab
sen

ce
 of

 in
for

ma
tio
n. 

11
) C

ha
ng
ed
 th
res

ho
ld 
fro

m 
1.5

x t
o 1

.0x
 

his
tor

ica
l h

igh
 ca

tch
 

3. 
En

ha
nc
e 

ma
na
ge
me

nt
 

pe
rfo

rm
an
ce
 

3.1
 M

ax
im

ise
 w
ill
in
gn
es
s t
o 

co
mp

ly 
wi
th
 th

e h
ar
ve
st 
str

at
eg
y  

W
e a

ssu
me

 th
at 
wi
llin

gn
ess

 to
 co

mp
ly 

wi
th 

the
 ha

rv
est

 in
ve
rse

ly 
sca

les
 w
ith

 
ma

na
ge
me

nt 
co
mp

lex
ity
; t
ha
t i
s, 
the

 
mo

re 
ma

na
ge
me

nt 
co
ntr

ols
 (h

ere
, t
he
 

nu
mb

er 
of 

TA
Cs
 by

 sp
ec
ies
, r
eg
ion

, a
nd
 

sec
tor

), 
the

 hi
gh
er 

the
 la
ck
 of

 
co
mp

lia
nc
e. 
Th
e r

ela
tiv
e "
co
mp

lex
ity
 

fai
l" 
sco

re 
is 
the

 ra
tio
 of

 th
e n

um
be
r o

f 
ma

na
ge
me

nt 
co
ntr

ols
 to

 th
e m

ax
im
um

 
po
ssi
ble

. W
e a

lso
 co

ns
ide

r t
he
 la
ck
 of

 
co
mp

lia
nc
e b

ec
au
se 

of 
pe
op
le 
ac
tiv
ely

 
dis

ag
ree

ing
 w
ith

 th
e h

arv
est

 st
rat

eg
y, 

an
d a

ssu
me

 th
is 
is 
no
rm

all
y d

ist
rib

ute
d 

ab
ou
t a
 ta
rge

t c
om

bin
ed
 (a

cro
ss 
all
 

sp
ec
ies
) T

AC
. T

ha
t i
s, 
the

 fu
rth

er 
the

 
TA

C 
is 
fro

m 
the

 ta
rge

t, 
the

 la
ck
 of
 

co
mp

lia
nc
e i
nc
rea

ses
. T

he
 pe

rfo
rm

an
ce
 

ind
ica

tor
 is
 ca

lcu
lat
ed
 by

 ta
kin

g a
 

we
igh

ted
 av

era
ge
 of

 th
ese

 tw
o t

erm
s 

an
d s

ub
tra

cti
ng
 fr
om

 1.
 

W
e a

ssu
me

 a 
tar

ge
t c
om

bin
ed
 T
AC

 of
 

4,5
00
t a
nd
 a 
sta

nd
ard

 de
via

tio
n o

f 1
00
0. 
It 

is 
cu
rre

ntl
y a

ssu
me

d t
ha
t t
he
 "c
om

ple
xit
y 

fai
l" 
an
d t

he
 "d

isa
gre

e f
ail
" t
erm

s a
re 

we
igh

ted
 0.
4 a

nd
 0.
6, 
res

pe
cti
ve
ly.
 T
he
 

for
me

r p
ert

ain
s t
o i
na
dv
ert

en
t m

ist
ak
es;
 

the
 la
tte
r i
s a

n a
cti
ve
 di
sre

ga
rd
 du

e t
o 

dis
ag
ree

ing
. 
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) W

eig
hti

ng
 on

 "d
isa

gre
e f
ail
" t
erm

 
ch
an
ge
d f

ro
m 
0.6

 to
 0.
7 (

i.e
. 

"co
mp

lex
ity
 fa
il"
 te
rm

 w
eig

hti
ng
 

ch
an
ge
d f

ro
m 
0.4

 to
 0.
3)
 

4. 
Ma

xim
ise

 so
cia

l 
ou

tco
me

s 
4.1

 M
ax
im

ise
 eq

ui
ty
 b
etw

ee
n 

re
cr
ea
tio

na
l, c

ha
rte

r, 
in
di
ge
no

us
 

an
d 
co
mm

er
cia

l fi
sh
in
g 

4.1
.1 

In
cr
ea
se
 eq

ui
ta
bl
e a

cc
es
s t
o t

he
 

re
so
ur
ce
 

Eq
uit

ab
le 
ac
ce
ss 
is 
ap
pr
ox
im
ate

d a
s t
he
 

ex
ten

t t
o w

hic
h t

he
 ca

tch
 pr

op
or
tio
n b

y 
sec

tor
 an

d s
pe
cie

s c
on
for

me
d t

o t
he
 

sp
ec
ifi
ed
 (fi

xe
d)
 al
loc

ati
on
 fr
ac
tio
n. 
Th
e 

de
via

tio
n f

ro
m 
eq
uit

ab
le 
ac
ce
ss 
is 

de
fin
ed
 us

ing
 a 
“h
oc
ke
y s

tic
k”
 

rel
ati
on
sh
ip,
 w
ith

 a 
de
via

tio
n t

hr
esh

old
 

ab
ov
e w

hic
h t

he
 fl
ee
ts 
are

 di
ssa

tis
fie
d, 

set
 at
 20

% 
(d
ev
iat
ion

 ab
ov
e t
his

 =
 1)

, 
an
d a

 de
via

tio
n t

ole
ran

ce
 be

low
 w
hic

h 
the

 fl
ee
ts 
are

 sa
tis
fie
d, 
set

 at
 2%

 
(d
ev
iat
ion

 be
low

 th
is 
=
 0)

. T
he
 

pe
rfo

rm
an
ce
 in

dic
ato

r i
s o

ne
 m
inu

s t
he
 

av
era

ge
 de

via
tio
n a

cro
ss 
sp
ec
ies
 gr

ou
ps
 

an
d s

ec
tor

s. 

Th
e a

llo
ca
tio
n f

rac
tio
n, 
an
d t

he
 de

via
tio
n 

tol
era

nc
es,
 ar

e a
ssu

me
d a

nd
 ar

e fi
xe
d 

thr
ou
gh
 tim

e. 
Gi
ve
n t
ha
t t
he
 TA

C i
s d

ivi
de
d 

ac
co
rd
ing

 to
 th

ese
 al
loc

ati
on
 fr
ac
tio
ns
, a
nd
 

tha
t t
he
re 

is 
cu
rre

ntl
y n

o e
rro

r i
n t

he
 

mo
de
l, t

he
re 

sh
ou
ld 
no
t b

e d
ev
iat
ion

s a
t 

lea
st 
for

 th
e c

om
me

rci
al 
sec

tor
. 
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) D

ev
iat
ion

 th
res

ho
ld 
ch
an
ge
d t
o 1

0%
 

an
d t

ole
ran

ce
 to

 1%
  

4.2
 Im

pr
ov
e s

oc
ial

 p
er
ce
pt
io
ns
 

of
 th

e fi
sh
er
y (

so
cia

l l
ice

nc
e t

o 
op
er
at
e)
 (r
ec
, c
om

me
rc
ial

, 
ch
ar
ter

, i
nd

ige
no

us
) 

4.2
.1.

 T
hr
ou

gh
 so

un
d 
fis
hi
ng
 

pr
ac
tic

es
, m

in
im

ise
 ad

ve
rse

 p
ub

lic
 

pe
rc
ep
tio

n 
ar
ou

nd
 d
isc

ar
d 
mo

rta
lit
y 

(co
mp

lia
nc
e w

ith
 si
ze
 li
mi

ts,
 

en
vir

on
me

nt
al 

su
sta

in
ab
ili
ty
, a

nd
 

wa
ste

) 

W
e a

lre
ad
y h

av
e i
nd
ica

tor
s o
f d
isc
ard

ing
 

(1
.2.
2)
 an

d T
EP
S (

1.2
.4)

. W
e r

ec
ast

 
the

se 
pe
rfo

rm
an
ce
 in
dic

ato
rs 
so
 th

at 
the

 
hig

he
r t
he
ir 
va
lue

, t
he
 lo
we

r t
he
 ri
sk
. 

Fo
r t
he
 T
EP
 ri
sk
, t
he
 pe

rce
pti

on
 is
 0 

wh
en
 th

e r
isk

 is
 0,
 an

d r
ise
s l
ine

arl
y 

wi
th 
ris
k t
o b

e 0
.2 
wh

en
 th
e r
isk

 is
 10

%.
 

At
 an

d a
bo
ve
 a 
ris
k o

f 1
0%

, t
he
 

pe
rce

pti
on
 ag

ain
 lin

ea
rly

 in
cre

ase
s, f

ro
m 

0.2
 to

 1.
0 a

t 5
0%

 ri
sk
. A

bo
ve
 50

% 
ris
k, 

Th
e n

atu
re 

of 
the

 pe
rce

pti
on
 re

lat
ion

sh
ips

, 
tog

eth
er 

wi
th 

the
ir 
thr

esh
old

/a
sy
mp

tot
ic 

va
lue

s, 
are

 as
su
me

d. 
Th
e p

erc
ep
tio
ns
 

aro
un
d d

isc
ard

ing
 an

d T
EP
S a

re 
we

igh
ted

 
0.7

 an
d 0

.3,
 re

sp
ec
tiv
ely

. T
he
 st
ro
ng
er 

we
igh

tin
g o

n d
isc
ard

ing
 is
 du

e t
o a

 gr
ea
ter

 
pu
bli
c a

wa
ren

ess
 of
 th

is 
rel
ati
ve
 to

 an
y 

aw
are

ne
ss 
of 

the
 fi
sh
ery

 in
ter

ac
tin

g w
ith

 
TE
PS
. 
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ha
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 ri
sk
 th

res
ho
ld 
an
d 

lim
it t

o 0
.3 
an
d 0

.05
 (f
ro
m 
0.5

 an
d 0

.1)
, 

res
pe
cti
ve
ly,
 an

d d
isc
ard

 ri
sk
 as

ym
pto

te 
to 

0.3
 (f
ro
m 
0.5
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pa
ge)

 

N.A. Dowling, et al.   (FRORJLFDO�0RGHOOLQJ������������������

��



Ta
bl
e A
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(co
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)  
    
 

Ov
era

rch
ing

 ob
jec

tiv
e 

Su
b-o

bje
cti
ve
s 

Sp
ec
ifi
c o

bje
cti
ve
s 

Op
era

tio
na
l o
bje

cti
ve
 (d

esc
rip

tiv
e; 
ful
l 

eq
ua
tio
ns
 in
 Su

pp
lem

en
tar

y 
Inf

or
ma

tio
n)
 

As
su
mp

tio
ns
 

Se
ns
iti
vit
y a

na
lys

is 
 

the
 T
EP
S “

pe
rce

pti
on
 sc
or
e”
 is
 1.
0. 
Fo
r 

the
 di
sca

rd
ing

 ri
sk
, w

e a
ssu

me
 a 

“sa
tur

ati
on
” r
ela

tio
ns
hip

, w
he
re 
the

re 
is 

no
 co

nc
ern

 be
low

 50
% 
ris
k, 
wi
th 

a 
lin
ea
r i
nc
rea

se 
in 

pe
rce

pti
on
 (c
on
ce
rn
) 

ab
ov
e t
his

. W
e t
he
n t

ak
e a

 w
eig

hte
d 

me
an
 of

 th
e t
wo

 pe
rce

pti
on
s a

nd
 

su
btr

ac
t t
his

 fr
om

 1 
to 

ob
tai
n t

he
 

pe
rfo

rm
an
ce
 in

dic
ato

r. 
  

4.2
.2.

 M
ax
im

ise
 u
til
isa

tio
n 
of
 th

e 
re
ta
in
ed
 ca

tch
 of

 ta
rg
et 

sp
ec
ies

 
It 
wa

s a
gre

ed
 th

at 
thi

s o
bje

cti
ve
 is
 

ou
tsi
de
 of
 th
e m

an
da
te,
 an

d c
on
tro

l, o
f a
 

ha
rv
est

 st
rat

eg
y. 
W
e m

ov
ed
 th

is 
to 

a 
br
oa
de
r “
ma

na
ge
me

nt 
reg

im
e o

bje
cti
ve
” 

as 
op
po
sed

 to
 a 
ha
rv
est

 st
rat

eg
y 

ob
jec

tiv
e a

nd
 re
no
rm

ali
sed

 th
e o

bje
cti
ve
 

pr
efe

ren
ce
 w
eig

hti
ng
s t
o e

xc
lud

e t
his

 
ob
jec

tiv
e. 
    

4.2
.3 

Th
ro
ug
h 
ac
hi
ev
em

en
t o

f 
ob
jec

tiv
es
 1.

1 
an
d 
2.3

, m
ax
im

ise
 th

e 
po
ten

tia
l f
or
 fi
sh
in
g t
o b

e p
er
ce
ive

d a
s 

a p
os
iti
ve
 ac

tiv
ity

 w
ith

 be
ne
fit
s t
o t

he
 

co
mm

un
ity

 (c
om

me
rc
ial

, r
ec
, a

nd
 

ch
ar
ter

) 

Th
e c

on
ce
pt 

he
re 

is 
tha

t i
f t
he
 fi
sh
ery

 is
 

su
sta

ina
ble

, w
ith

 po
sit
ive

 fl
ow

-on
 

co
mm

un
ity
 be

ne
fit
s, 
pu
bli
c p

erc
ep
tio
n 

wi
ll 
be
 hi

gh
. W

e a
ssu

me
 th

e p
ote

nti
al 

for
 fi
sh
ing

 to
 be

 pe
rce

ive
d a

s a
 po

sit
ive

 
ac
tiv
ity
 sc
ale

s d
ire
ctl
y w

ith
 ob

jec
tiv
es 

1.1
.1 
(C
T 
an
d R

TE
 su

sta
ina

bil
ity
), 
1.1

.2 
(O
S s

us
tai
na
bil
ity
), 
an
d 2

.3 
(fl
ow

-on
 

ec
on
om

ic 
be
ne
fit
s),
 an

d t
ak
e a

n a
ve
rag

e 
ac
ro
ss 
the

m.
 

Ea
ch
 of
 th
e t
hr
ee
 co

ntr
ibu

tin
g p

erf
or
ma

nc
e 

ind
ica

tor
s i
s c
ur
ren

tly
 eq

ua
lly
 w
eig

hte
d. 
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) C

ha
ng
ed
 w
eig

hts
 fr
om

 eq
ua
l, t

o 0
.5 

CT
 &
 RT

E, 
0.3

 O
S, 
0.2

 flo
w-
on
 ec

on
om

ic 
be
ne
fit
s  

4.3
 E
nh

an
ce
 th

e n
et 

so
cia

l v
alu

e 
to
 th

e l
oc
al 
co
mm

un
ity

 fr
om

 u
se
 

of
 th

e r
es
ou

rc
e 

4.3
.1 

In
cr
ea
se
 ac

ce
ss 

to
 lo

ca
l s
ea
fo
od
 

(a
ll 
sp
ec
ies

) 
Th
is 
is 
a f
un
cti
on
 of
 th

e n
on
-ex

po
rte

d 
co
mm

erc
ial
 an

d c
ha
rte

r l
an
din

gs
 (=

 
de
ad
 CT

, p
lus

 al
l R

TE
 an

d O
S c

atc
h)
. W

e 
ass

um
e s

om
e fi

xe
d p

ro
po
rti
on
 of

 li
ve
 to

 
de
ad
 C
T 
(cu

rre
ntl

y, 
tha

t 1
0%

 of
 C
T 

ca
tch

 is
 no

n-l
ive

). 
W
e a

ssu
me

 th
e 

pe
rfo

rm
an
ce
 in

dic
ato

r v
alu

e i
s 0

 if
 th

e 
loc

al 
av
ail
ab
le 
do
me

sti
c p

erc
en
tag

e i
s 

<
20
%,
 an

d 1
 if
 th

e l
oc
al 
av
ail
ab
le 

do
me

sti
c p

erc
en
tag

e a
ch
iev

es 
tha

t f
ro
m 

the
 pa

st,
 as
su
me

d t
o b

e e
qu
al 
to 
0.5

. W
e 

ass
um

e a
 "h

oc
ke
y s

tic
k" 

rel
ati
on
sh
ip 

be
tw
ee
n t

he
se 

tw
o t

hr
esh

old
s. 

Th
e n

atu
re 

of 
the

 re
lat
ion

sh
ip,
 to

ge
the

r 
wi
th 
the

ir 
thr

esh
old

 va
lue

s, 
are

 as
su
me

d, 
as 

is 
the

 pe
rce

nta
ge
 of

 de
ad
 C
T. 

16
) C

ha
ng
ed
 to

 as
su
me

 30
% 
de
ad
 C
T 

(ra
the

r t
ha
n 1

0%
), 
a p

ast
 lo
ca
l 

av
ail
ab
ilit

y o
f 0
.7 
(ra

the
r t
ha
n 0

.5)
, a
nd
 

the
 th

res
ho
ld 
loc

al 
av
ail
ab
ilit

y t
o b

e 0
.4 

(ra
the

r t
ha
n 0

.2)
   

4.3
.2 
Ma

xim
ise

 sp
at
ial

 eq
ui
ty
 be

tw
ee
n 

re
gio

ns
 or

 lo
ca
l c
om

mu
ni
tie

s 
W
e a

ssu
me

 th
e e

qu
ita
ble

 pr
op
or
tio
ns
 of

 
ca
tch

 (b
y w

eig
ht)

 by
 ar

ea
 ar

e t
ho
se 

of 
the

 re
lat
ive

 av
era

ge
 bi
om

ass
 ac

ro
ss 

sp
ec
ies
 gr

ou
ps
. W

e c
om

pa
re 

rel
ati
ve
 

reg
ion

al 
ca
tch

es 
to 

the
 eq

uit
ab
le 

pr
op
or
tio
ns
 us

ing
 a 
dis

tan
ce
 fu

nc
tio
n. 

Th
e d

ev
iat
ion

 th
res

ho
ld,
 ab

ov
e w

hic
h 

the
 ar
ea
 is
 “u

nh
ap
py
”, 
is 
set

 at
 20

%.
 Th

e 
de
via

tio
n t

ole
ran

ce
, b
elo

w 
wh

ich
 th

e 
are

a i
s “
ha
pp
y”
, is

 se
t a
t 5

%.
 T
he
 

ab
so
lut

e p
erc

en
t d

iff
ere

nc
e b

etw
ee
n t

he
 

rel
ati
ve
 ca

tch
 by

 ar
ea
 an

d t
he
 eq

uit
ab
le 

pr
op
or
tio
n i
s c

alc
ula

ted
, a
nd
 a 
"ho

ck
ey
 

Th
e d

efi
nit

ion
 of

 sp
ati
al 
eq
uit

y, 
the

 na
tur

e 
of 

the
 re

lat
ion

sh
ip,
 an

d t
he
 th

res
ho
ld 

va
lue

s, 
are

 as
su
me

d. 

17
) C

ha
ng
ed
 eq

uit
ab
le 
sp
ati
al 
all
oc
ati
on
 

fro
m 
be
ing

 di
rec

tly
 pr

op
or
tio
na
l t
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Supplementary material 

S1. Simulation model and performance indicator specifications 
We simulate the 3 main species groups in the Coral Sea Finfish Fishery: coral trout (CT), red-throat 

emperor (RTE), and the “other species” collective (OS).  

We do not fit the model to data and assume perfect knowledge of stock sizes, environmental 

parameters, and fishing mortality. That is, there is no stock assessment or sampling model  

estimating underlying biomass. We also assume that the set TACs are fully realised (i.e. no over-or 

under-catch). 

We assume 2 latitudinal regions (noting that, longitudinally, all commercial fishers concentrate their 

effort on the mid-shelf).  

S1.1 Historical: Setting up equilibrium structure 

We determined the unfished age structure assuming equilibrium dynamics, with natural mortality 

acting alone upon constant average unfished levels of recruitment: 

!",$ = &
1						

!")*,$ ∙ ,)-.,/

!")*,$ ∙ ,)-.,/ (1 − ,)-.,/)⁄
  

4 = 0
4 < 47"8$
4 = 47"8$

  (1) 

where 

Va,s  is the proportion of the population at age a of species s 

amax  is the maximum age modelled (the plus-group) of species s 

M is the age-specific instantaneous rate of natural mortality of species s 

The spawner biomass per recruit, SBR, used in the stock-recruitment function, is  

 9:;$ = ∑ !",$ ∙ =",$ ∙ >",$
"?.@,/
"A*  (2) 

where 

ma,s is the average individual mass for fish of age a of species s 

pa,s is the proportion of mature fish of age a of species s 

amax is the maximum age for species s 

Mass (in kg) is calculated from length according to the power relationship 

>",$ = 0.001 ∙ C$ ∙ D",$E/ 

where species-specific length-at-age La,s, with parameters is and js, is calculated from the von 

Bertalanffy growth equation and is assumed to be deterministic: 



D",$ = DF$ ∙ G1 − ,)H/(")IJ/)K 

The initial numbers-at-age in each region are: 

 L",$,M,* = N$ ∙ !",$ ∙ OP4Q$,M (3) 

where 

Na,s,A,1 is the number of fish of species s of age a in region A in year 1 

Ts is the initial seeding number for fish of species s.  

Fracs,A is the proportion of species s expected in region A. We approximate this using the initial, 

region-specific biomass estimates for CT and RTE. We assume the OS are equally distributed 

spatially. 

S1.2 Historical: Population dynamics 

We assume that in year y fish undergo half of natural mortality prior to being fished, and then the 

remaining natural mortality is applied. Mid-year abundance is thus 

L",$,M,R(7ST)RU"V) = L",$,M,R)* ∙ ,)-.,/ W⁄   (4) 

Over the historical years of catch data, fishing mortality by fleet f, species s, region A, and year, y, is  

OX,$,M,R =
YZ[/	\,/,],^

∑ _.,\,/∙`.,/,],^∙7.,/
.?.@,/
.ab

   (5) 

where 

Cobs,f,s,A,y is the observed catch (mass) of species s by fleet f from region A for year y 

Sa,F,s    is the selectivity –at-age vector (where a  is age) by fleet and species  

ma,s    is the mass-at-age of species s. 

We assume that selectivity for RTE is age-based, but for CT is length-based, which can be converted 

to selectivity-at-age using the length-age relationship.  

We update abundance by applying the mortality due to catch, and finally the remainder of the 

natural mortality, to the interim (mid-year) numbers to obtain  

 L",$,M,R = L",$,M,R(7ST)RU"V) ∙ G1 − 9",X,$ ∙ ∑ OX,$,M,RX K,)-.,/ W⁄ 	 (6) 

We assume no migration between regions: CT show site-fidelity to the reefs on which they settle as 

larvae. Williams et al. (2010) hypothesised that RTE move more than CT, but such movement would 

still not be on the scale of our modelled regions. We make the same assumption for OS. 

The surviving cohort sizes are updated at the end of the year by incrementing the age classes: 

L"c*,$,M,Rc* = L",$,M,R 

L"?.@,$,M,Rc* = L"?.@,$,M,R + L"?.@)*,$,M,R (7) 



The total spawner biomass by species, Bsp s,y , and total overall biomass by species, Bs,y , at the end of 

the year is  

 :$e	$,R = ∑ =",$ ∙ >",$ ∙ ∑ L",$,S,R
`"VU"
SA*

"?.@,/
"A*   

:$,R = ∑ >",$ ∙ ∑ L",$,S,R
`"VU"
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"?.@,/
"A*   (8) 

For each species, we assume annual recruitment, Ry follows a Beverton-Holt stock-recruitment 

relationship with process uncertainty Ey,s 

  ;R,$ =
f/g	/,^

h/ci/∙f/g	/,^
∙ ,j^,/  (9) 

where hs is the steepness for species s and 

k =
(1 − ℎ$) ∙ 9m;$

4ℎ$
 

o = (pq/)*)
rq/∙st,/

  

(10) 

For the historical years of the model, we fitted Ey,s to annual recruitment deviations.  

We then distributed recruits in space according to 

 LJ,$,M,R = OP4Q$,M ∙ ;R,$    (11) 

S1.3 Calculation of catchability 

We assume a total allowable catch (TAC) for each species group and that the TAC is achieved for 

each species group each year, through a combination of targeted and incidental take. 

In principle, it is possible to calculate targeted and bycatch catchabilities (Somers and Wang 1997), 

at least for the commercial sector, where there are dedicated fishers for each of CT, RTE, and OS 

species groups. However, i) targeting behavior is not recorded with frequency or consistency within 

the commercial fleet, ii) targeting behavior has changed over time in the commercial fleet, with 

formerly “dead boats” re-gearing as live coral trout vessels, without this change being explicitly 

reported, and iii) there is no recreational effort time series. Thus, we estimate catchability for each 

species and fleet (sector) assuming that any day of effort on which one of the three species groups 

was reported in the catch, would contribute to the catchability of that species group.  

For the three species groups, we define the overall catchability on species i, qi, following Mapstone 
et al. (2008) equation 18a. We use historical data of targeted catch and effort, and historically 
modelled biomass 

 uS,X = exp y
∑ z{	GY|,},^,/f},^K^

∑ z{	Gj|,},^K^
�         (12) 



S1.4 Projections: The harvest strategy 

The harvest strategy is a system of Total Allowable Catches (TACs), adjusted annually.  

We assume size limits as an additional management measure but assume these are fixed over time.  

For any given TAC, in scenarios when this was allocated across all sectors, we assume a fixed 

allocation matrix by sector and species of Ä
0.85 0.05 0.1
0.5 0.3 0.2
0.5 0.25 0.25

Ö where the columns are the 

commercial, charter and recreational sectors, and the rows represent each species group CT, RTE 

and OS, respectively. These proportions were based on historical averages. When allocating TAC 
allocated between the commercial and charter sectors only, we assume the charter sector allocation 

proportion was (0.15, 0.5, 0.5) for each of the three species groups.  If a sector did not receive a 

dynamic TAC allocation, we assumed they took a fixed amount for each species group, based on the 

averages over the final three historical years. 

In each year, the TACs are determined as parameters that optimise the value function, described 
below as the sum of the relative performance indicators weighted by alternative stakeholder group 
preferences. An overall optimal (or “minimum whinge”) TAC is then obtained across the stakeholder 
groups. 

S1.5 Projections: Fleet dynamics 

When TAC is set by region, we assume perfect knowledge and no implementation error. 

Otherwise, we distribute the fishing mortality per equation 23 of Little et al. (2007), for the 

commercial and charter sectors (f <=2):	 

mPÜ=OX,$,M,R =
J.páY|,/,],^àbc

∑ â|,/,],^ä
^àã
^äab

å^ç/|}/éèê|,/,]ëàb
í

∑ ìJ.p∙áY|,/,],^àbc
∑ â|,/,],^ä
^àã
^äab

å^ç/|}/éèê|,/,]ëàb
íî]

 if region A was fished (had non-zero catches of 

species s) in previous year by that fleet, where  

mPÜ=OX,$,M,R	 is the proportion of fishing mortality for fleet f on species s in region A and year y  

ïPñóCñℎ,òX,$,M is the number of years in which a non-zero catch of species s was reported by fleet f 
in region A. 

If species s in region A was not fished by fleet f in the previous year  

mPÜ=OX,$,M,R = ô
∑ Y|,/,],^ä
^àb
^äab

RV$XS$qUT|,/,]
ö ∑ ô

∑ Y|,/,],^ä
^àb
^äab

RV$XS$qUT|,/,]
öMõ      (13a) 

We assume the recreational fishing effort is distributed equally between the two regions 

mPÜ=OVUú,$,M,R = *
`"VU"

  (13b) 



We apply these each mPÜ=OX,$,M,R proportions to distribute fishing mortality proportionately among 
regions when the TAC is not spatially explicit (i.e. is specified globally, Nùûü†Ü°X,$,R), and hence 
calculate the region-specific catch by species. 

S1.6 Projections: Fishing mortality 

As above, we assume perfect knowledge and that the species-specific TACs are achieved each year. 

Species, and when appropriate region-specific, TACs will be achieved both via targeted and non-

targeted fishing. 

Fishing mortality by species, s, (and region, A) is determined by dividing the fleet-specific TAC by the 

biomass, as per equation (5). That is, when the TAC is specified globally, as Nùûü†Ü°X,$,R, the fishing 

mortality is 

OX,$,M,R =
¢MY£§•¶|,/,^∙ßV•e®|,/,],^
∑ 7.,/∙_.,|,/∙`.,/,],^
.?.@,/
.ab

    (14a) 

When the TAC is spatially explicit, the fishing mortality is 

OX,$,M,R =
¢MY|,/,],^

∑ 7.,/∙_.,|,/∙`.,/,],^
.?.@,/
.ab

           (14b) 

 

We obtain the effort associated with the given TAC (and the catch by targeting practice) using 

catchability 

©X,$,M,R = OX,$,M,R/u$,X  

S1.7 Projections: Population dynamics 

As with the historical period, we assume that in any year, y, fish undergo half of natural mortality 

prior to being fished, are fished, and then experience the remaining natural mortality. Mid-year 

abundance is calculated using equation (4), as for the historical period. 

Catch (numbers) by species, fleet, region and year, Cf,s,A,y is then  

 ûX,$,M,R = OX,$,M,R ∙ ∑ ∙ 9",X,$
"?.@,/
"A"™è´.™,/ ∙ L",$,M,R   (15) 

where 

Sa,f,s    is the selectivity–at-age vector by fleet and species. For now, we assume the 

selectivity is the same across fleets (sectors), as they are all line fishing. However, the commercial 

fishers use larger hooks, so this may be re-evaluated;  

OX,$,M,R  is the fishing mortality from fleet f in region A and year y for species s; and 

4§U£"§,$  is the average age at which the fish reaches legal size. 

We assume all undersize catch (below the minimum legal length, MLL), denoted by ¨ûX,$,M,R,  

 



¨ûX,$,M,R = OX,$,M,R ∙ ∑ >",$ ∙ 9",X,$
"≠ÆÆ,/
"A* ∙ L",$,M,R   (16) 

is discarded. 

Catch in mass is obtained by multiplying equation (16) by the species-specific mass-at-age, ma,s. 

We update abundance by applying the mortality due to catch, and finally the remainder of the 

natural mortality, to the interim (mid-year) numbers: to  

 L",$,M,R = L",$,M,R(7ST)RU"V) ∙ G1 − ∑ mPÜ=OX,$,M,R ∙ OX,$,R ∙ 9",X,$X K,)-.,/ W⁄ 	  (17) 

As per the historical period, we update the surviving cohort sizes at the end of the year by 

incrementing the age classes, equating to growth: 

L"?.@,$,M,Rc* = L"?.@,$,M,R + L"?.@)*,$,M,R 

L"c*,$,M,Rc* = L",$,M,R   (18) 

The total spawner biomass by species, Bsp s,y at the end of the year is then 

 :$e	$,Rc* = ∑ ∑ =",$ ∙ >",$ ∙ L",$,S,Rc*
`"VU"
SA*

"?.@,/
"A* (19) 

As above, we determine recruitment, Ry using a Beverton-Holt stock-recruitment relationship, and 

recruits are distributed among the regions, as per the historical period (equations (9)-(11)). Here we 

set the process stochasticity in the Beverton- Holt stock recruitment relationship to 0. 

S1.8 Projections: Performance indicators 

In each projection year, we calculate the performance indicators (PIs). Each PI corresponds to a 
single TBL or governance objective, as elicited from stakeholders (Pascoe et al., 2019).  

In principal, we seek the maximum value for each PI in each year, mØS,RV. 

1.1.1 Maintain target species (CT and RTE) biomass at optimal sustainable levels. 

This PI applies only to coral trout and red-throat emperor. 

We use a truncated dome-shape for this PI (Figure S1.8.1). We assume that the target reference 
point ranges from 40%-60% of the unfished biomass, although this may be higher from a 
conservation standpoint. The broad target (plateau for the dome) encompasses the range from 
biomass at maximum sustainable yield (traditionally assumed to be 0.4B0) and biomass at maximum 
economic yield (traditionally assumed to be 0.48B0), as well as the Queensland specified target of 0.6 
B0. Having this broad target allows for some flexibility when trading off with the economic 
objectives. 

In the dome specification, if the relative biomass is within 10% of the target range, the score of the 
PI for that species s is 1: 

9QÜP,$,R = 1; 0.36 ≤
:$,R
:$,J

≤ 0.66 



Below the limit of 20% of the unfished biomass, the score of the PI for that species is 0. Between the 
lower end of the 10% tolerance around the lower target value, and the limit of 0.2, the score tracks 
linearly with relative biomass: 

9QÜP,$,R =
1

(0.4 − 0.2)
∙
:$,R
:$,J

+ y1 −
0.4

(0.4 − 0.2)
� ; 0.2 ≤

:$,R
:$,J

≤< 0.36 

. 

Above the upper target value + 10%, the score decreases linearly from the Target Reference Point 
TRP) to unfished biomass, down to a minimum of (currently) (set as variable) 0.5 (i.e. we're half as 
happy as at the target level): 

9QÜP,$,R =
(0.5 − 1.0)
(1.0 − 0.6)

∙
:$,R
:$,J

+ ≥0.5 −
(0.5 − 1.0)
(1.0 − 0.6)

¥ ;
:$,R
:$,J

> 0.66 

If the relative biomass of any one species is below its limit reference point, then the overall PI is 
zero. Otherwise, for each of the alternative specifications, we obtain the overall PI is taken by 
averaging across species so that 

mØ*,R =
∑ 9QÜP,$,RW
$A*

2
 

 

 

 

Figure S1.8.1 Functional form of performance indicator 1.1.1 

1.1.2 Risk to Other Species (that are harvested, per the "Other Species" list) in the fishery which are 
not included in 1.1.1 

The TRP is 0.4 of the unfished “other species” biomass, as a proxy for MSY, and the limit is 0.2 of the 

unfished biomass. 

The PI follows a hockey-stick rule (Figure S1.8.2), where the PI is 1 above a biomass of 0.4 B0, 0 
below a biomass of 0.2 B0, and tracks linearly with relative biomass between these values: 

mØW,R =
1

(0.4 − 0.2)
∙
:R
:J

+ y1 −
0.4

(0.4 − 0.2)
� ; 0.2 ≤

:R
:J

≤ 0.4 



 

We chose the hockey stick for this reason. When both performance indicators are dome-shaped, 
these may be in contradiction if one group of species is above its target (and being pulled back), and 
the other is below its target (and being pulled up). 

 

Figure S1.8.2 Functional form of performance indicator 1.1.2 

 

From a conservation standpoint, a target of 0.6 B0 and a limit of 0.3 B0 may be more aligned with this 
objective.  

1.2.1 Risk to bycatch species 

This refers to generic bycatch, as opposed to specific species. It does not include undersize 

discarding, or high grading, since these are covered in separate PIs below. However, almost all catch 

is sold in the fishery and the gears are relatively clean, so that bycatch is not a critical issue in this 

fishery.  

We assume that this PI is a linear function of effort, normalised to 1.5 the maximum historical effort 
(this does efficient fishers a disservice). A weighting by region could be added, if certain regions are 

considered to induce more bycatch (Figure S1.8.3). 

To determine the score associated with this PI, we calculate, for each target species, fleet and 
region, the effort relative to the historical high, setting the score equal to 1 if the effort is greater 

than 1.5 times the historical high. We then average to obtain a single value and subtract the mean 

value from 1. 

:ïû4∂;Cñ∑X,$,M,R =
j|,],^

*.p∙∏π∫Gj|,],^ab:º}/Ω^çK
; 

j|,],^
*.p∙∏π∫	(j|,],^ab:º}/Ω^ç)

< 1 

:ïû4∂;Cñ∑X,$,M,R = 1	Ü∂ℎ,PæCñ,  

mØø,R = 1 −
∑ fRY"IsS$H|,/,],^|,/,]

(`X§UUI∗`$eUúSU$∙`"VU")
; 

j|,],^
*.p∙∏π∫	(j|],^ab:º}/Ω^ç)

< 1 

mØø,R = 0	Ü∂ℎ,PæCñ,  

 



 

 

 

 

 

 

 

Figure S1.8.3 Functional form of 
performance indicator 1.2.1 

1.2.2 Discard mortality (of undersized target species, or from high-grading of target species) 

As described above, given a minimum legal length MLL , we compute the undersize catch, ¨ûX,$,M,R, 

from equation (16). We assume that the minimum legal length for each species group is length at 

maturity.  

Given i) the fishery’s history of not exceeding the coral trout TAC, ii) that the commercial fishery 

prefers plate-size fish, iii) the cost of fishing is high such that the fishery becomes uneconomic as 

catch rates decrease, and iv) that the recreational sector does not high grade, we assume no high 

grading. Furthermore, high-grading is irrelevant in the context of a value function unless it is 

assumed to be a direct or indirect function of the TAC.  

We calculate the total proportion of discards by fleet, species, region and year, ¡X,$,M,R by 

standardising the undersize catch relative to the total (legal and undersize) take 

¡X,$,M,R =
¨ûX,$,M,R

(OX,$,M,R ∙ ∑ >",$ ∙ 9",X,$
7"8"£U
"A* ∙ L",$,M,R)

 

We then average over fleet, species and region to yield a mean overall discard, meanDy. 

To find the PI for discarding, we normalise according to the worst possible expected discard 

percentage (0.5, as above) (Figure S1.8.4) 

 mØr,R = 1 −
7U"¬√^

J.p
   

Values of mØr,R < 0 are set to 0, and values of mØr,R > 1 are set to 1. 



 

Figure S1.8.4 Functional form of performance indicator 1.2.2 

1.2.3 Broader ecological risks; and 1.2.4 Risk to Threatened, Endangered, and Protected Species 
(TEPS)  

We assume broader ecological risk (mØp,R) is a function of effort. We set the PI to 1 when effort is 0, 

and let it linearly decrease to 0.8 between 0 and a target effort level. Between the target and limit 

effort, we let this PI value linearly decrease from 0.8 to 0; it is 0 when effort exceeds the limit. 

(Figure S1.8.5).  

We set target effort to be half of the effort averaged over the last 5 years of the historical time 

series, and limit effort to be the historical high effort. Even though TEP interactions appear to be 

infrequent, there is the concern that these are not reported, so the historical high effort is probably 

an appropriate limit. 

Effort is summed over the two regions and three fleets to obtain total effort for the year, NÜ∂©R  

NÜ∂©R = ∑ ∑ ©X,M,RXM   

We thus set target and limit effort levels as 

N4Pü,∂©R = 0.5 ∙
∑ ¢•Ijƒ
ƒaº}/Ω^ç
ƒaº}/Ω^çà≈

p
   

DC>C∂© = 0.8 ∙ >4∆á««©X,M,RA*:»S$IRV
XM

í 

We determine the PI between the target and the limit effort, assuming linear decline 

mØp,R = åJ.…( S7SIj)¢•Ij^)
( S7SIj)¢"V£UIj)

ë; N4Pü,∂© ≤ NÜ∂©R ≤ 	DC>C∂© 

Below the target, we use another straight line: 

mØp,R = å
(J.…)*.J)∙¢•Ij^

(¢"V£UIj)
+ 1ë; NÜ∂©R < N4Pü,∂© 

Có	mØp,R < 0, 	mØp,R = 0	  



 

Figure S1.8.5 Functional form of performance indicator 1.2.3 

We formulate the TEP risk (mØÀ,R) in a similar manner, except that between the target and limit 

effort, the PI value is a weak inverse exponential function of effort (Figure S1.8.6).  

For the TEP risk, we use an exponential function between the target and limit effort: 

mØÀ,R = Ä1.8 ∗
1
1.8

G(*)¢•Ij^))(*)¢"V£UIj^)K/G(*) S7SIj))(*)¢"V£UIj^)K

Ö − 1 

Below the target, the same straight-line equation as for the broader ecological risk applies: 

mØÀ,R = å
(J.…)*.J)∙¢•Ij^

(¢"V£UIj)
+ 1ë; NÜ∂©R < N4Pü,∂© 

Có	mØÀ,R < 0, 	mØÀ,R = 0	  

 

Figure S1.8.6 Functional form of performance indicator 1.2.4 

1.3. Risk of localised depletion  

We separate risks due to fishing and those due to environmental variation (cyclones and climate 

change) 



1.3.1 Localised depletion due to fishing 

We calculate this risk only for CT and RTE that is, for s = 1 and 2. 

We compute biomass by region, relative to that region's unfished biomass  

;,†:CÜ$,M,R = 	NÜ∂:CÜÃ$,M,R/	NÜ∂:CÜÃ$,M,* 

and assume that the PI is 1 above a relative region-specific biomass of 0.5, 0 below a relative region-
specific biomass of 0.2, and tracks linearly with relative biomass between these values (Figure 
S1.8.7) 

9QÜP,$,M.R =
1

(0.5 − 0.2)
∙ ;,†:CÜ$,M,R + y1 −

0.5
(0.5 − 0.2)

� ; 0.2 ≤ ;,†:CÜ$,M,R ≤ 0.5 

Có	;,†:CÜ$,M,R < 0.2	, mØÕ,R,* = 0 

Có	;,†:CÜ$,M,R > 0.5	, mØÕ,R,* = 1 

The PI is the minimum across the species and regions: 

 	mØÕ,R = 	>CŒC>œ>$,M(9QÜP,$,M.R) 

 

Figure S1.8.7 Functional form of performance indicator 1.3.1 

1.3.2 Localised depletion due to environmental events (e.g. cyclone, climate change) 

As described above, we treat cyclones and climate change as separate model scenarios (with 

accompanying relevant fleet dynamics, and the perceived positive and negative impacts on each 

species group). 

However, the PI for localised depletion must reflect the need to be conservative and precautionary 

given that availability is reduced as a result of environmental perturbations. To do so, we apply a 

20% penalty to the target relative biomasses used in PI 1.1.1, by dividing these by 0.8. We then use a 

dome specification as for performance indicator 1.1.1, with the penalized targets.  

That is, if the relative biomass is within 10% of the target range, the PI is 1: 



mØ…,R = 1; 0.45 ≤
:R
:J

≤ 0.825 

Below the penalised limit of (0.2/0.8=) 25% of the unfished biomass, the PI is 0. Between the lower 
end of the 10% tolerance around the lower penalised target value, and the limit of 0.25, the PI tracks 
linearly with relative biomass: 

mØ…,R =
1

(0.5 − 0.25)
∙
:R
:J

+ y1 −
0.5

(0.5 − 0.25)
� ; 0.25 ≤

:R
:J

< 0.45 

. 

Above the upper target value + 10%, the PI decreases linearly from TRP to the unfished biomass, 
down to a minimum of (currently) (set as variable) 0.5 (i.e. we're half as happy as at target): 

mØ…,R =
(0.5 − 1.0)
(1.0 − 0.75)

∙
:R
:J

+ ≥0.5 −
(0.5 − 1.0)
(1.0 − 0.75)

¥ ;
:R
:J

> 0.825 

If the relative biomass of any one species is below the limit reference point, then the overall PI is 
zero. Otherwise, for each of the alternative specifications, the overall PI is taken as the average 
values across both species. 

 

 

Figure S1.8.8 Functional form of performance indicator 1.3.2 

2.1.1 Commercial fishing industry profits 

We calculate this PI for the commercial sector, fleet 1, as price multiplied by catch, minus costs, 

which, for each region, A, and year, y,are  

ûÜñ∂*,M,R 	= Oœ,†QÜñ∂*,M ∙ ©*,M,R + —,4P¨ŒC∂* ∙ ©*,M,R + û4∂Qℎ¨ŒC∂* ∙ û*,M,R	 

where 

GearUnit1 is the cost of commercial gear associated with one day's commercial effort, set to 0.1 

CatchUnit1 is the cost associated with one unit of commercial catch, set to 0.1. 



FuelCost is the cost associated with one unit of catch, set to 20 for the northern region, and 10 for 
the southern region. 

Commercial profit is then  

mPÜóC∂*,R 	= «(«(=PCQ,S,R ∙ û4∂ÃS,*,M,R)
S

− ûÜñ∂*,M,R)
M

 

where the commercial fleet is indexed as fleet 1, and unit Price is 5 for CT, 2 for RTE and 1 for OS. 

We compute the value of the PI (Figure S1.8.9) by taking the ratio of profit to that at MEY, 

approximated by taking the simulated historical high profit for the commercial sector (this 

corresponds to about 0.6B0 for the CT species group) 

	mØ“,R = ∑ (mPÜóC∂*,R ⁄ mPÜóC∂Ã©”*S )  

If the current profit exceeds the approximation for profit at MEY, the performance indicator reduces 
linearly until it reaches zero at 1.5 times the profit at MEY 

 

mØ“,R = −2 ∙ (mPÜóC∂*,R ⁄ mPÜóC∂Ã©”*) + 3; 1.5 ≤ (mPÜóC∂*,R ⁄ mPÜóC∂Ã©”*) < 1.0 

If the current profit exceeds 1.5 time the approximation for profit at MEY, the performance indicator 
is 0. 

mØ“,R = 0; (mPÜóC∂*,R ⁄ mPÜóC∂Ã©”*) > 1.5 

In addition, if the biomass of any one species is less than the limit reference point of 0.2B0, the PI = 0 

           mØ“,R = 0;	
f/,^
f/,t

< 0.2	 

 

 

 

 

 

 

 

 

 

 



Figure S1.8.9 Functional form of performance indicator 2.1.1 

2.1.2 Charter sector profits 

We assume that gross profit for charter operators is the product of effort in days (as a proxy for the 

number of people fishing per day), multiplied by the charter price per day. 

As with the commercial sector, costs are calculated for each region, A, and year, y,  

ûÜñ∂W,M,R 	= Oœ,†QÜñ∂W,M ∙ ©W,M,R + —,4P¨ŒC∂W ∙ ©W,M,R + û4∂Qℎ¨ŒC∂W ∙ ûW,M,R		  

where 

GearUnit is the cost of gear associated with one day's effort, here set to 0.1 

CatchUnit is the cost associated with one unit of catch, here set to 0.05. 

FuelCost is the fuel cost associated with one day’s effort, here set to 10 

Charter profit is then  

   mPÜóC∂W,R 	= ∑ =PCQ,R ∙ ©W,M,R − ûÜñ∂W,M,RM  

where 

pricey is the price charged by charter operators for one day of effort. 

As with the commercial sector profit (Figure S1.8.9), we compute the PI is by taking the ratio of 

profit to that at MEY, approximated by test simulations projecting forward so that the charter profit 

stabilised, noting that this corresponded approximately to 0.5B0 for the CT group, and to 0.55 for the 

RTE group. 

	mØ*J,R, = mPÜóC∂W,R ⁄ mPÜóC∂Ã©”W 

As with the commercial profit, if the current profit exceeds the approximation for profit at MEY, the 
performance indicator reduces linearly until it reaches zero at 1.5 times the profit at MEY 

 

mØ*J,R = −2 ∙ (mPÜóC∂W,R ⁄ mPÜóC∂Ã©”W) + 3; 1.5 ≤ (mPÜóC∂W,R ⁄ mPÜóC∂Ã©”W) < 1.0 

If the current profit exceeds 1.5 time the approximation for profit at MEY, the performance indicator 
is zero: 

mØ*J,R = 0; (mPÜóC∂W,R ⁄ mPÜóC∂Ã©”W) > 1.5 

In addition, if the biomass of any one species is less than the limit reference point of 0.2B0, PI = 0 

	



mØ*J,R = 0;	
:$,R
:$,J

< 0.2 

2.1.3 Indigenous commercial benefits 

In the absence of a better understanding, we assume that indigenous commercial benefits scale with 

commercial profit, and as such, we specify this as an additional weighting on the commercial profit 

PI. 

2.2. Value of recreational and charter fisher experience (direct to participant) 

We assume the value of recreational fishing and charter experiences to the participants is a 

weighted function of catch, catch-per-unit-effort (CPUE), and effort. We assume the same 

weightings between the charter and recreational fleets, since we are considering the same 

recreational participants (i.e. the fishers, rather than the charter boat operators). 

We assume the following weights on catch, CPUE, and effort, respectively: 

Recwts = (0.4,0.3,0.3)  

We assume the following weights on the catch of each species group (CT, RTE, OS), respectively: 

RecCwts = (0.4,0.3,0.3)  

We apply the species weightings to the catch by weight (as opposed to catch-by-numbers, since 

trophy fish are more highly valued): 

   ‘∂;,QûM,R = ∑ ;,Qûæ∂ñS ∑ û4∂ÃS,X,M,R
ø
XAWS   

   ;,Qûm¨©M,R =
∑ ∑ ûS,X,M,R		ø

XAWS
∑ ©X,M,Rø
XAW

õ  

The recreational utility is then the weighted sums of recreational catch, CPUE, and effort, where 

each region’s utility is, in turn, weighted according to the proportion of recreational effort in that 

region: 

  ;,Q¨∂C†M,R = 	
∑ j|,],^’
|aã

∑ ∑ j|,],^’
|aã]

G;,Qæ∂ñ* ∙ ‘∂;,QûM,R +		;,Qæ∂ñW ∙ ;,Qûm¨©M,R +		;,Qæ∂ñø ∙

∑ ©X,M,Rø
XAW K 

We then average over all regions 

ù÷ü;,Q¨∂C†R = 	
∑ ;,Q¨∂C†M,RM

L4P,4◊          

and compute the PI by standardising this average by the maximum historical recreational utility: 

mØ*WR =
ù÷ü;,Q¨∂C†R

ÿCñ∂Ã4∆(ù÷ü;,Q¨∂C†)
 

where the denominator is the maximum historical AvgRecUtil. 



	Có	mØ*W,R > 1	, 	mØ*W,R = 1 

2.3 Flow-on economic benefits to local communities  

This is a function of the commercial and charter profits by region from PIs 2.1.1 and 2.1.2, and 

recreational effort by region. 

We turn recreational effort by region into a dollar value (related to expenditure on fuel, bait, and 

accommodation) by applying a scalar. 

The average benefit is calculated as: 

		ù÷ü:,Œ,óC∂R = 	« ≥« mPÜóC∂X,R
W

XA*
+;,Q©óó_òÜ††4P_ñQ4†4PM ∙ ©ø,M,R¥

`"VU"

MA*
L4P,4◊ 	 

where RecEff_dollar_scalar is the dollar value of one unit of recreational effort, by region, currently 

set to 10.0. 

 

We obtain the PI by normalising relative to the historical maximum value:  

mØ*ø,R = ù÷ü:,Œ,óC∂R max	(ù÷ü:,Œ,óC∂qS$I)⁄   

	Có	mØ*ø,R > 1	, 	mØ*ø,R = 1 

2.4 Short term (inter-annual) economic risk  

We approximate short-term risk as the interannual percent variability in profit, assessed by the 

coefficient of variation in profit (CV) for each fleet over the past 10 years. 

We assume a “hockey stick” relationship between the CV and PI score for each fleet, where a 

variation of +/- 10% CV is optimal and equates to a PI value of 1, and that +/- 25% is the limit below 

which the PI score value is 0 (Figure S1.8.10).  

We calculate this PI for the commercial and charter fleets only: 

 û!=PÜóC∂X = 	
$ITU‹(∑ ßV•XSI},|,^çà›:^ç} )
7U"¬(∑ ßV•XSI},|,^çà›:^ç} )

  

 Có	û!=PÜóC∂X < 0.1, û!ñQÜP,X = 1.0 

û!ñQÜP,X =
−1

(0.25 − 0.1)
∙ û!=PÜóC∂X + y1 +

0.1
(0.25 − 0.1)

� ; 0.1 ≤ û!=PÜóC∂X ≤ 0.25 

 If the CV for any one fleet is below the Limit Reference Point, then whole score for this objective is 

zero: 

 Có	û!=PÜóC∂X > 0.25, mØ*r,R = 0.0  



 

Figure S1.8.10 Functional form of performance indicator 2.4, for one fleet 

 

Otherwise, the PI is the mean of the CV scores across the commercial and charter fleets 

    mØ*r,R, = ∑ û!ñQÜP,XW
XA* 2⁄    

2.5 Costs of management associated with the harvest strategy: monitoring, undertaking 
assessments, adjusting management controls 

As a starting point, we assume that if the TAC for each species group exceeds 1.5 times the historical 

high catch, management costs increase. The species group score is 0 if the TAC is under the 

threshold and 1 is the threshold is exceeded. The PI is the average of the species group scores 

9QÜP,S = 	 fi
0; NùûS,R > 1.5(maxGûS,qS$IK)
1;	NùûS,R ≤ 1.5(maxGûS,qS$IK)

 

mØ*p,R =
∑ 9QÜP,SS

Lñ=,QC,ñ
 

3.1 Willingness to comply with the harvest strategy 

We assume that willingness to comply with the harvest inversely scales with the complexity of 

management; that is, the more management controls, the higher the lack of compliance. 

Conditioned on the TAC by species i and region A, NùûS,M  , divided among each of the sectors 

(fleets), the maximum number of management controls is 

Ã4∆Ãü>∂ûÜŒ∂PÜ†ñ	 = 	L4P,4 ∙ Lñ=,QC,ñ ∙ Ló†,,∂  

The actual number of management controls is  

Ãü>∂ûÜŒ∂PÜ†ñ	 = Lñ,Q∂ÜP ∙ Nùû4P,4 ∙ Lñ=,QC,ñ   

Where Nsector is the number of sectors (fleets) receiving a TAC (as opposed to a static quota), and 
TACarea is the number of regions to which separate TACs apply. 



The possibility of failure of the harvest strategy due to its complexity is: 

ûÜ>=†,∆O4C†	 = 	Ãü>∂ûÜŒ∂PÜ†ñ/Ã4∆Ãü>∂ûÜŒ∂PÜ†ñ   

We also assume the lack of compliance because of people actively disagreeing with the harvest 
strategy, and assume this is normally distributed about a target combined (across all species) TAC. 

That is, the further the TAC is from the target, the lack of compliance increases (Figure S1.8.11). We 

assume a target combined TAC of 4,500t and a standard deviation of 1000t: 

ŒÜP>QÜ,óó = 	1/(9∂¡,÷Nùû ∙ fl(2 ∙ π))	 

N4Pü,∂;,ó = ŒÜP>QÜ,óó ∙ ,)J.p∙(J.J/_I√U‹¢MY)ã 

¡Cñ4üP,,O4C†	 =
ŒÜP>QÜ,óó	 ∙ ,

)J.p∙≥
∑ G¢MY},]K},] )¢"V£UI¢•I¢MY

$I√U‹¢MY ¥
ã

N4Pü,∂;,ó
 

.  

 

Figure S1.8.11 Functional form of the “disagree fail” component of performance indicator 3.1 

 

We compute the PI value by adding each of these two weighted terms and subtracting from 1: 

mØ*À,R = 1.0 −	 (æ∂1 ∙ ûÜ>=†,∆O4C† + æ∂2 ∙ ¡Cñ4üP,,O4C†) 2⁄  

where wt1 =0.4, wt2 = 0.6 currently.  

The first term on the right hand side pertains to inadvertent mistakes; the second term is an active 

disregard due to disagreeing with regulations 

4.1 Equity between recreational, charter, indigenous and commercial fishing 

For this PI, we consider equitable access to the resource and social/public perceptions of the fishery. 



4.1.1 Equitable access to the resource 

We approximate equitable access by the extent to which the end of year catch proportion by sector 

(fleet) f and species i conformed to the specified (fixed) allocation fraction ù††ÜQOP4QS,X: 

NÜ∂û4∂ÃS,X = «û4∂ÃS,X,M,R
M

 

ù††ÜQ¡,÷S,X = 4°ñ	 ≥≥
NÜ∂û4∂ÃS,X

∑ ∑ û4∂ÃS,X,M,RMX
− ù††ÜQOP4QS,X¥ ù††ÜQOP4QS,X◊ ¥ 

where AllocFrac is currently assumed to be 0.6, 0.2 and 0.2 for each of the commercial, charter and 

recreational fleets, respectively, for each of the three species groups.  

The deviation from equitable access follows another hockey stick relationship (Figure S1.8.12): 

¡,÷S,X =
1.0

(ù††ÜQNℎP,ñℎ − ù††ÜQNÜ†)
∙ ù††ÜQ¡,÷S,X + y1 −

ù††ÜQNℎP,ñℎ
(ù††ÜQNℎP,ñℎ − ù††ÜQNÜ†)

� ; 	ù††ÜQNÜ†

≤ ù††ÜQ¡,÷S,X ≤ ù††ÜQNℎP,ñ 

¡,÷S,X =
1.0

(ù††ÜQNℎP,ñℎ − ù††ÜQNÜ†)
∙ (ù††ÜQ¡,÷S,X − ù††ÜQNÜ†); 	ù††ÜQNÜ† ≤ ù††ÜQ¡,÷S,X

≤ ù††ÜQNℎP,ñ 

¡,÷S,X = 1.0;	ù††ÜQ¡,÷S,X > ù††ÜQNℎP,ñ 

¡,÷S,X = 0;	ù††ÜQ¡,÷S,X < ù††ÜQNÜ† 

 

where 

AllocThresh is the deviation threshold above which the fleets are dissatisfied, set at 20% 

AllocTol is the deviation tolerance below which the fleets are satisfied, set at 2% 

We determine the PI is by the average deviation across species groups and sectors: 

mØ*Õ,RV = 1 −	««¡,÷S,X
XS

(Lñ=,QC,ñ • Ló†,,∂)◊  

Có	NÜ∂û4∂ÃS,X = 0.0	,										mØ*Õ,RV = 0  

Given that the TAC is divided according to these allocation fractions, and we assume perfect 

information, there should not be deviations, at least for the commercial sector. 



 

Figure S1.8.12 Functional form of performance indicator 4.1.1 

 

4.2 Social perceptions of the fishery  

In this case, we use PIs that capture public perception around environmental damage caused by the 

fishery. 

4.2.1 Public perception around discard mortality (compliance with size limits, environmental 
sustainability, and waste)  

We already have indicators of minimising the risk associated with discarding (mØr,R,*), and 

Threatened, Endangered, and Protected Species (TEPS) (mØÀ,R,*). 

We recast these PIs so that the higher their value, the lower the risk: 

;Cñ∑√S$ú"VT$ = 1 − 	mØr,R,* 

;Cñ∑¢jß = 1 − 	mØÀ,R,* 

For the TEPS risk, we assume that the perception is 0 when the risk is 0, and rises linearly with risk to 
be 0.2 when the risk is 10%: 

m,PQ,=∂¢jß = 2 ∙ ;Cñ∑¢jß;		;Cñ∑¢jß < 0.1,	 

At and above a risk of 10%, the perception again linearly increases, from 0.2 to 1.0 at 50% risk. 

Above 50% risk, the TEPS “perception score” is 1.0: 

m,PQ,=∂¢jß =
0.8

(0.5 − 0.1)
∙ ;Cñ∑¢jß + y1 −

0.8 ∙ 0.5
(0.5 − 0.1)

� ; 0.1 ≤ ;Cñ∑¢jß ≤ 0.5 

Có	;Cñ∑¢jß > 0.5, m,PQ,=∂¢jß = 1.0 

For the discarding risk, we assume a saturating relationship, where there is no concern below 50% 
risk, with a linear increase in perception (concern) above this. 

Có	;Cñ∑√S$ú < 0.5, m,PQ,=∂√S$ú = 0.0 



m,PQ,=∂√S$ú =
1

(1.0 − 0.5)
∙ ;Cñ∑√S$ú + y1 −

1
(1.0 − 0.5)

� ; 0.5 ≤ ;Cñ∑√S$ú ≤ 1.0 

We then weight the two perceptions and subtract this from 1 to obtain the PI (Figure S1.8.13): 

mØ*…,RV = 1 − (0.7 ∙ m,PQ,=∂√S$ú + 0.3 ∙ m,PQ,=∂¢jß) 

The stronger weighting on discarding is due to a greater public awareness of this relative to any 

awareness of the fishery interacting with TEPS.  

 

Figure S1.8.13 Functional form of performance indicator 4.2.1 

4.2.2 The potential for fishing to be perceived as a positive activity with benefits to the community 
(commercial, rec, and charter) 

The concept here is that if the fishery is sustainable, with positive flow-on community benefits, 

public perception will be high. 

We assume the potential for fishing to be perceived as a positive activity scales directly with 

objectives 1.1.1 (CT and RTE sustainability), 1.1.2 (OS sustainability), and 2.3 (flow-on economic 

benefits), and take a (non-weighted) average across them: 

mØ*“,RV=GmØ*,RV + mØW,RV + mØ*ø,RVK 3.0⁄   

4.3 Net social value to the local community from use of the resource 

These performance indicators include access to local seafood, and spatial (community) equity. 

4.3.1 Access to local seafood (all species) 

We assume that this PI is a function of the non-exported landings (= dead CT, plus all RTE and OS) 

that applies to the commercial and charter sector catches (that is, fleet f = 1 and 2).  

We assume some fixed proportion of live to dead CT (currently, that 10% of CT catch is non-live) 

(m,PQ¡,4òûN	 = 	0.1).  

We assume the PI is 0 if the local available domestic percentage is <20%, and 0.8 if the local available 

domestic percentage achieves a historical proportion, which we assume to be 0.5 

(m4ñ∂¡Ü>mPÜ=	 = 	0.5).  



We assume a hockey stick relationship for values between these two thresholds (Figure S1.8.14). If 

the local available percentage exceeds that from the past, the PI value increases linearly from 0.8 to 

1.0 when the local available percentage is 100%. 

The total domestic percentage catch is 

NÜ∂¡Ü>m,PQ

= ám,PQ¡,4òûN ∙««NÜ∂û4∂Ã*,X,M,R +«««NÜ∂û4∂ÃS,X,M,R
M

ø

$AW

W

XA*M

W

XA*

í «««NÜ∂û4∂ÃS,X,M,R
M

ø

$A*

ø

XA*

‚  

where s=1 is CT, and s=2 and 3 are RTE and OS respectively.  

If the total catch is zero, ∑ ∑ ∑ NÜ∂û4∂ÃS,X,M,RM
ø
SA*

ø
XA* = 0, then NÜ∂¡Ü>m,PQ = 0. 

The PI is then 

Có	NÜ∂¡Ü>m,PQ < 0.2, mØWJ,R = 0 

	mØWJ,R =
0.2

(1.0 − m4ñ∂¡Ü>mPÜ=)
∙ NÜ∂¡Ü>m,PQ + y1.0 −

0.2
(1.0 − m4ñ∂¡Ü>mPÜ=)

� ; NÜ∂¡Ü>m,PQ

> m4ñ∂¡Ü>mPÜ= 

mØWJ,R =
0.8

(m4ñ∂¡Ü>mPÜ= − 0.2)
∙ NÜ∂¡Ü>m,PQ + y0.8 −

0.4
(m4ñ∂¡Ü>mPÜ= − 0.2)

� ; 	0.2

≤ NÜ∂¡Ü>m,PQ ≤ m4ñ∂¡Ü>mPÜ= 

 

 

Figure S1.8.14 Functional form of performance indicator 4.3.1 

4.3.2 Equity between regions and local communities 

We assume the equitable proportions of catch (by weight) by region are those of the relative 

average biomass across species groups 

9=4∂C4†OP4QM = ∑ ùP,4OP4QL_,M
`$eUúSU$
* /Lñ=,QC,ñ  

where ùP,4OP4QL_,M is the fixed proportion of species s in each region A. 



The deviation threshold, above which the region is “unhappy”, is set at 20%: 

9=ù††ÜQNℎP,ñ = 0.2 

The deviation tolerance, below which the region is “happy”, is set at 5%: 

9=ù††ÜQNÜ† = 0.05 

The absolute percent difference between the relative catch by region and the equitable proportion 

is calculated 

9=ù††ÜQ¡,÷M = 4°ñ(NÜ∂û4∂ùP,4M/NÜ∂û4∂ − 9=4∂C4†OP4QM	) 

 We assume a hockey stick relationship for values between the two thresholds (Figure S1.8.15). 

9=¡,÷m,PóM = 0;	9=ù††ÜQ¡,÷M < 9=ù††ÜQNÜ† 

9=¡,÷m,PóM = 1;	9=ù††ÜQ¡,÷M > 9=ù††ÜQNℎP,ñ 

mØW*,R =
1

(9=ù††ÜQNℎP,ñ − 9=ù††ÜQNÜ†)
∙ 	 9=ù††ÜQ¡,÷M

+ y1.0 −
9=ù††ÜQNℎP,ñ

(9=ù††ÜQNℎP,ñ − 9=ù††ÜQNÜ†)
� ; 	9=ù††ÜQNÜ† ≤ 9=ù††ÜQ¡,÷M

≤ 9=ù††ÜQNℎP,ñ 

 

 

Figure S1.8.15 Functional form of performance indicator 4.3.2 

 

If at least one region yields no catch, the value of the PI is 0 

Có	NÜ∂û4∂ùP,4M = 0.0, mØW*,R = 0  

Otherwise, the PI is the one minus the region-averaged spatial allocation deviation: 

mØW*,R = 1.0 −	≥
∑ 9=ù††ÜQ¡,÷MM

L4P,4
¥ 



S1.9 The multi-objective value function 

For each year y, we have a vector of 22 PIs, {mØ*:WW,R} 

We calculate a multi-objective value function for any set of stakeholder group g’s weightings, by 

multiplying each PI by its weight, and summing: 

	!£,£,R = 	 « mØE,R

`S¬T

EA*

∙ ‘∂E,£ 

In each year, we seek the harvest strategy (i.e. TAC) (assuming size limit is fixed) that maximises the 

value function for that group, !£,£,R. 

Alternative harvest strategy specifications are: 

i) Species-specific TACs: this is a 3×1 array comprising TACs for coral trout, red throat 

emperor and SOCI. 

ii) Region-specific, species-specific TACs: this is a 3×2 matrix, comprising TACs for each of 

the 3 species groups and regions. 

The initial values for TACs are those from the previous year.  

We use the R function optim to optimise the value function, with the TAC matrix as the model 

parameters.  

In each year, we optimise the value function for each set of stakeholder group’s weightings. 

Once the optimal TACs are found, we call the CalcPerfInd function one more time to ensure that the 

corresponding values and PIs are obtained (for each preference/stakeholder group).  

Given the optimum strategy (TACs) for the gth stakeholder group's weightings, we calculate the 

value function for every other set of stakeholder group weightings, k: 

		!£,H,R = 	 « mØ£,R,*

`S¬T

£A*

∙ ‘∂E,H 

Each column of the matrix is standardised relative to the value for that column’s stakeholder group 

for which the strategy is optimal, so that the diagonal elements are equal to 1). 

For each year, this gives a matrix of values according to each set of stakeholder group weightings, 

calculated using the PIs derived from the optimal TACs (the optimal strategy) for each stakeholder 

group. Each row represents one stakeholder group’s optimal strategy, which is applied to each 

stakeholder group’s preference weighting, by column:  

⎣
⎢
⎢
⎢
⎢
⎢
⎡
!*,*,R !*,W,R ⋯ !*,£,R ⋯ !*,¬,R
!W,*,R ⋱ !W,¬,R
⋮ ⋱ ⋮

!£,*,R !£,£,R ⋮
⋮ ⋱ ⋮

!¬,*,R !¬,W,R ⋯ !¬,£,R ⋯ !¬,¬,R⎦
⎥
⎥
⎥
⎥
⎥
⎤

 



When each column is standardised relative to the value for the stakeholder group for which the 

strategy is optimal (i.e. each column’s values are divided by the value in the row corresponding to 

that column), the result is a matrix of relative values whose diagonals equate to 1. 

We use two alternative criteria to select the overall optimal TACs (= harvest strategy) across all the 

stakeholder preference groups. We take either: 

• The highest average value across all stakeholder weightings: that is, the row of the matrix 

that has the highest average, indicating that the strategy is overall optimal across all 

preference groups, or 

• The highest minimum value across all stakeholder weightings: that is, the row of the matrix 
that has the highest minimum value across the row, indicating that this strategy results in 

the “minimum whinge” across all preference groups.  

We then run the population dynamics and calculate the PIs, using the overall optimal TACs for that 

year.  
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